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Resonances in the reaction P®(p,7)S® which show transitions to the ground or first excited state of S® 
have been studied for proton energies between 0.68 and 2.35 Mev. Angular distributions have been measured 
at resonances at 0.816, 0.825, 1.117, 1.146, 1.248, 1.892, 1.985, 2.027, 2.120, 2.320, and 2.340 Mev. These 
distributions along with the P™(p,ao)Si® results enabled assignments of 1— to be made for the resonances 
at 1.892, 2.027, and 2.120 Mev, of 1+ for those at 0.825, 1.117, 1.985, 2.320, and 2.340 Mev, and of 2+ to 
that at 1.248 Mev. Partial widths for ye and +; were also measured and are compared with theory. Analysis 
of the angular distributions at one resonance suggests that the spin of the first excited state of S® at 2.25 
Mev is 2+. The reduced proton widths for the three resonances with J = 1— together amount to 60 percent 


of the single-particle width 





INTRODUCTION 


HE yield of gamma rays from phosphorus bom- 

barded with protons has been studied by a 
number of workers. Grove and Cooper,! using a single 
Geiger-Muller counter and a Zn;P, target of 10 kev 
thickness at 1.3 Mev, found 16 resonances in the range 
of proton energies from 0.4 to 1.65 Mev. Smith, Cooper, 
and Harris? have measured the gamma-ray spectra at 
five of these resonances using a scintillation counter. 
Kern and Cochran’ have reported spectra observed in 
a thick target using a scintillation counter. Olness and 
Lewis‘ have also reported some results for proton 
energies from 1.4 to 3.36 Mev including evidence for 
the reactions P"(p,p’y) and P"(p,ry) at proton en- 
ergies above 2.3 Mev. 

The present paper describes measurements of the 
yield, angular distribution, and partial widths of proton 
capture gamma rays leading to the ground and first 
excited states of S* at those resonances which showed 
these gamma rays between proton energies of 0.68 and 
2.35 Mev. Some of these results have been reported 


1G. R. Grove and J. N. Cooper, Phys. Rev. 82, 505 (1951). 
2Smith, Cooper, and Harris, Phys. Rev. 94, 749(A) (1954); 
J. A. Smith, Ohio State University thesis, 1953 (unpublished). 
*B. D. Kern and L. W. Cochran, Bull. Am. Phys. Soc. 30, 
No. 3, 45 (1955). 
‘J. W. Olness and H. W. Lewis, Bull. Am. Phys. Soc. 30, 
No. 3, 54 (1955). 


previously.®* From these measurements it is possible 
to make definite spin assignments to several of the 
capturing states, tv draw some conclusions about the 
first excited state of S", and to relate some of the 
measured widths to theoretical £1 widths. For some of 
the resonances the total width could be measured, and 
this is compared to the theoretical single-particle width. 
A comparison between the measured angular distribu- 
tions and those predicted by 77 and /s coupling is given. 


EXPERIMENTAL ARRANGEMENT 


The Chalk River electrostatic generator provided the 
source of bombarding protons. These protons were 
analyzed in energy by a 90° magnet whose field was 
held constant by a proton resonance fluxmeter. A pair 
of tantalum plates forming a horizontal slit at the exit 
of this magnet provided a signal to control a corona 
load, and the proton energy was held constant to about 
0.1 percent. The protons travelled along a 15-foot 
section of evacuated tubing terminated by a hollow 
brass cylinder with y-inch thick walls containing the 
target. The arrangement, shown schematically in Fig. 1, 
has been described previously.’ A }-inch aperture in a 
20-mil tantalum disk located about eight feet from the 
‘ H. E. Gove and E. B. Paul, Phys. Rev. 92, 852(A) (1953). 

* Gove, Paul, Litherland, and Bartholomew, Phys. Rev. 95, 
650(A) (1954). 

7H. E. Gove and E. B. Paul, Phys. Rev. 97, 104 (1955). 
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Fic. 1. Schematic diagram of experimental equipment showing 
the two Nal(Tl) gamma-ray counters in position for measuring 
angular distributions. The crystal size shown here is 2 in. diameter 
by 2 in. long. 


target defined the beam to a spot about }-inch diam- 
eter. Beam currents from 5 to 20 wa were used. The 
targets were made by evaporating Zn;P; on 20-mil 
tantalum backings to a thickness of about 700 ev at 
1.25 Mev for the yield measurements and about 10 
kev for the angular distributions. Most of the measure- 
ments were made with two-inch diameter by two-inch 
long NalI(Tl) crystals optically coupled to Dumont 
6292 photomultipliers, although some of the later 
measurements employed five-inch diameter by four-inch 
long NalI(Tl) crystals coupled to Dumont K1198 
photomultipliers. A preamplifier located at the photo- 
multiplier drove a long cable to a linear amplifier. 
rhe output from the latter could be displayed on a 
30-channel analyzer. Two such counters could be 
mounted on arms pivoted in the center of a four-foot- 
square steel-topped table arranged so that it could be 
moved vertically and horizontally to line a pointer 
located at the center of rotation of the counters with a 
conical hole in the target support. The counters could 
be rotated on this table from 0° to about 150° with 
respect to the proton beam. 


EXPERIMENTAL PROCEDURE 


For yield measurements a counter was set at 90° to 
the beam at a mean distance of three inches to the 
target center. The yield as a function of proton energy 
was then measured, recording only pulses correspond- 
ing to gamma-ray transitions to the ground and first 
excited state at 2.25 Mev’ in S*. When a resonance was 
located in this way the gamma-ray spectrum was re- 
corded in the 30-channel pulse analyzer at the peak of 
the resonance. In those cases where the ground-state 
gamma ray was present another yield curve was run 
over the resonance with the bias set so that only this 
gamma ray was recorded in order to confirm that it 


* Arthur, Allen, Bender, Hausman, and McDole, Phys. Rev 
88, 1291 (1952) 
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was resonant. The target thickness was measured in an 
additional experiment in which the energy loss in the 
target was determined by comparing the step in a 
thick-target yield curve (20-30 kev) with the area 
under the thin-target yield* at the well-isolated reso- 
nance at 1.248 Mev. The target thickness was found to 
be 700 ev at this resonance. The number of gamma rays 
leading to the ground or first excited state per proton 
was then computed in the usual way,’ by assuming that 
the flat portion of the Compton spectrum below the 
pair annihilation peaks and Compton edge could be 
extrapolated to zero pulse height.’ This procedure was 
checked using the F"(p,ay) reaction and was found to 
give agreement within 10 percent. 

For the angular distribution measurements one 
counter was located at a mean distance of five inches 
from the target center, subtending a solid angle of 
about one percent of the sphere, and could be rotated 
with respect to the beam between 0° and 150°. An 
identical monitor counter was fixed on the other side 
of the beam at 90° at a mean distance of four inches 
from the target. The targets used for angular distribu- 
tions were about 10 kev thick. The ratio of the counts 
recorded in the movable counter to those recorded 
simultaneously in the fixed counter was measured. The 
angular distribution so obtained was shown to be 
insensitive to small variations in target thickness and 
beam intensity. A correction of about 10 percent was 
applied to relate values of this ratio measured at angles 
greater than 90° to those measured at less than 90° to 
take account of gamma-ray absorption in the 0.020- 
inch thick tantalum backing of the target. 

The results were analyzed on the Ferranti computer 
at the University of Toronto by the method of least 
squares” in a Legendre polynomial expansion up to 


YIELD 


a Cee TT 
PROTON ENERG 


RELATIVE 





ae. 


PROTON ENERGY Mev 





Fic. 2. The yield curve of gamma rays leading to the ground 
state (ys) and first excited state (y:) of S® from the reaction 
P®(p,y)S®, 


* Fowler, Lauritsen, and Lauritsen, Revs. Modern Phys. 20, 
236 (1948). 
”M. E. Rose, Phys. Rev. 91, 610 (1953). 
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and including P, with standard deviations for each 
coefficient. 


EXPERIMENTAL RESULTS 


The yield curve for gamma rays from proton capture 
in P® leading to either the ground or the first excited 
state of S® measured at 90° to the beam is shown in 
Fig. 2. The curve shows 12 resonances, eight of which 
resonate predominantly for yo and four predominantly 
for 7;. It was shown that of these latter four, those at 
0.816, 1.146, and 1.549 Mev were not resonant for yo 
while that at 1.248 Mev was weakly resonant for yo. 
This latter weak resonance is not shown on the yield 
curve for yo. There are also a large number of reso- 
nances in this reaction which do not resonante for 
either the ground state (yo) or the first excited state 
(y1) transition with any appreciable intensity and which 
were not studied in the present work. The gamma-ray 
spectrum has been measured using the five-by-four-inch 
crystal at several resonances. Representative spectra at 
the resonances at 1.248, 1.892, and 1.985 Mev are 
shown in Fig. 3. 

The yield curve for the P*(p,a)Si** reaction leading 
to the ground state of Si** has been measured" in this 
laboratory using a 180° doubie-focusing magnetic 
spectrometer at 90° to the beam. The P*(p,y) yield 
was measured simultaneously for comparison. Referring 
to the yield curve of Fig. 2, ground-state alpha-particle 
resonances were observed to coincide with the gamma- 
ray resonances at 1.892, 2.027, and 2.120 Mev. No 
ground-state alpha resonance was observed at the other 
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Fic. 3. Typical spectra of the high-energy gamma rays from 
the reaction P®(p,7)S" as measured by a large (5 in. diameter by 
4 in. long) NaI(T1) crystal at the resonances at 1.248, 1.892, and 
1.985 Mev. 

4 Clarke, Almqvist, and Paul, Bull. Am. Phys. Soc. 30, No. 3, 
54 (1955). 
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Fic. 4. Examples of the angular distributions of gamma rays 
from the reaction P™(p,y)S* at the resonances at 1.248 (7), 
1.892 (yo), and 1.985 (ye) Mev. 


resonances shown. It is interesting to note that in the 
region near the gamma-ray resonance at 1.985 Mev, 
two ground-state alpha resonances were observed at 
about 1.98 and 1.99 Mev respectively, these positions 
being distinctly different from that of the gamma-ray 
resonance, 

Angular distributions of either yo or 7; have been 
measured at all of the resonances shown in the yield 
curve of Fig. 2 excepting that at 1.549 Mev. The 
resonance at 1.248 Mev shows a weak 7¥o, and an attempt 
was made to measure its angular distribution. The 
problem of background correction was such that only 
a very rough estimate of the coefficient of P2: could be 
made, Examples of the angular distributions are shown 
in Fig. 4, where the curves for the first excited-state 
transition at the 1.248-Mev resonance and the ground- 
state transition at the 1.892- and 1.985-Mev resonances 
are given. Values of the coefficients and their standard 
deviations of the Legendre polynomial expansions 
which were least squares fitted to the experimental 
points are listed in Table I for ground-state gamma 
transitions and in Table II for first excited-state 
transitions. 

Smith, Cooper, and Harris* have examined the 
gamma-ray spectrum at five resonances in the P® (p,7)S® 
reaction. Four of these occur in the proton energy 
region covered in the present work. The resonances 
they observe at 0.820, 1.140, and 1.170 Mev correspond 
respectively to the resonances reported in this paper at 
0.816, 1.117, and 1.146 Mev. The resonance they ob- 
served at 0.900 Mev is reported to show a gamma-ray 
transition to the first excited state of S*, but none to 
the ground state. A resonance in this region observed 
in the present work failed to show an appreciable 
transition to either the ground or first excited state, 
and hence is not included in this survey. A possible 
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Taste IL. The coefficients of a Legendre polynomial series W (@ 
= Ps + (a, a) P; + (d2/ de Pitas ao) P3+ (a ao) Ps fitted by least 
squares to the observed angular distributions of P®™(p,y0)S®. In 
each case the standard deviation of the coefficient is listed 


Kes 
energy 61/60 
Mev §.D 8.D 


0425 0.05 0.10 0.08 0.08 
1.117 0.04 27 0.07 0.07 0.06 
1.248 a" eee wa 
1.492 0.03 006 0.06 0.06 
1.985 0.04 ~O002 0.06 0.06 
2.027 0.02 -~008 O02 0.02 
2.120 0.04 0.16 0.06 0.06 
2.320 0.03 —0.05 0.04 0.04 
2.340 0.02 - 007 0.03 0.03 


Tae II. The coefficients of a Legendre polynomial series W (6) 
oe P+ (a;/ae) P+ (a2/a0)P 2+ (a3/ae) Ps + (a4/ao)P, fitted by least 
squares to the observed distributions of P™(p,7,)S"®* for transi- 
tions to the first excited state. In each case the standard deviation 
is listed 


ke 
energy 
Me I $.D S.D S.D 


-0.02 0.04 0.04 


1 @ 


0.37 
0.17 
0.31 


0.03 0.06 
0.02 


0.01 


O.R316 
1.146 
1.248 


0.02 
0.02 


0.04 0.04 002 —003 0.01 


explanation for this discrepancy may lie in the fact 
that Smith ef al. used a target which was about 50 kev 
thick at this energy. Because of this there may have 
been some contribution from the resonance 80 kev 
lower in energy, which shows a strong transition to the 
first excited state of S*. In the present work the target 
thickness in this region of energy was about 1 kev. 


DISCUSSION 


Theoretical expressions for the angular distribution 
of the proton capture gamma ray which proceeds 
directly to the ground state of S*® from the reaction 
P™(p,yo)S" are particularly simple because the spin 
and parity for the ground state of P® and S® are $+ 
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and 0+ respectively. For example if incoming orbital 
angular momenta of four units (g-waves) or higher 
are neglected the only compound states that involve a 
mixture of orbital momenta are those having spin and 
parity of 1+ and 2—, and both of these involve only 
channel! spin 1. All of the other compound states for 
which ground-state gamma radiation is either dipole 
or quadrupole involve only a channel spin mixture. 
No multipole mixtures occur since the final state for 
the gamma transition has zero spin. That is, on these 
assumptions only one parameter is involved for each 
case, 

The coefficients for such angular distributions ex- 
pressed as Legendre polynomial expansions are con- 
veniently obtained from tables prepared by Sharp 
et al.,* and in Table III the theoretical values of the 
coefficients of P, and P; are shown. The maximum and 
minimum values for each coefficient are also listed in 
Table III on the completely general assumption that 
the ratio of squares of matrix elements which differ in 
one quantum number can range from zero to infinity, 
and where a ratio of matrix element amplitudes occurs 
the phase difference is arbitrary. From these maximum 
and minimum values it can be seen that any measured 
angular distribution of the ground-state gamma 
transition which has a P, coefficient less than 5/14 in- 
volves a compound nucleus of /=1+. In addition, 
Table III lists the values of the coefficients predicted” 
if jj or ls coupling obtains in the compound system. 

The angular distributions of the transitions to the 
first excited state of S* at 2.25 Mev® are of interest 
because the spin of this level is not known. There is 
evidence" that it has positive parity with J=1, 2, or 3. 
The angular distributions in this case are more com- 
plicated than those for the ground-state transition 
since multipole mixing may occur. However, when it is 
possible to measure at a given resonance in the com- 
pound nucleus the angular distribution of both the 


Taste III. Theoretical values of the coefficients of P; and P, in the angular distributions of gamma-rays from a state of spin J to 
one of spin 0+ in the reaction P®(,79)S® with their maximum and minimum values and the values predicted on jj and /s coupling. The 
parameter / is the ratio of the square of matrix elements of channel spin 1 to 0 while M and ¢ are the ratio of matrix elements and phase 
difference respectively for orbital angular momentum /=2 to /=0 or /=3 to /=1 as the case may be. 


Gt, Ge 


1 { M?4+2s/2M cose) 
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1ft—2) 
2441) 
5 (t+2) 
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4? 2+4M*+/6M cos¢ 


2t*—3 


| t+1 J 
4 7 , 5 ‘ 7 
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supling values 
ao ae Ge 


0 0 
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4 MP+2y 6M cos¢ ' ‘ 9 0 
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Sharp, Kennedy, Sears, and Hoyle, Tables of Coefficients for Angular Distribution Analysis, Chalk River Theoretical Report 


CRT-556, December, 1953 (unpublished). 
4% A. E. Litherland (private communication) 
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TaBLe IV. R(J) is the theoretical ratio of the coefficient of P; in the angular distribution of a proton capture gamma-ray in S® from 
the capturing state J to a final state / to that for the ground-state transition J — /=0+. 2* is the ratio of the square of matrix elements 
of radiation E2 to M1 occurring in the J -+ J transition. In such cases the maximum and minimum values of R(/) are listed. 


Riui+ RQ+) 





R(2+ 


max min ‘ max 


Ri3+) 
min 





f dxtt3x+4) f dx? (3/ /S)x+y5 | 
{ i¢s? J o \ 1+2? J 


=f +5 


$x* + (7/+/S)x —7/10 


(7) x +7/10) 


1,00 —0.40 








—(4 Nha (hvamet$) . 
j _ i+x? 


-t 








ground-state and first excited-state gamma transition, 
the ratio of the two P» coefficients so obtained can be 
compared with theoretical ratios of a somewhat simpler 
form. The simplification results only, however, under 
the assumptions that the matrix elements can be 
factored into two parts comprising the formation and 
decay of the compound state, and that the formation 
part of the matrix element is independent of the mode 
of decay. Table IV lists such ratios of the P», coefficients 
for transitions from a compound state J to a final state 
IT=1+, 2+, or 3+ to the P, coefficients from the same 
compound state to a final state J=0+. The only 
parameter which enters is the intensity mixture ratio 
of E2 to M1 (it is assumed that where E1 and M2 
mixtures can occur, M2 is negligible), and is designated 
. The 
maximum and minimum values are obtained by assum- 


as x*, The phase difference is either zero or 180 


ing x* to vary between zero and infinity (i.e., no £2 to 
all £2). 

The distributions for the 
gamma transition shown in Table I have P: coefficients 


angular ground-state 


less than 5/14 for all the resonances with the possible 
exception of that at 1.248 Mev, and as indicated above 
this uniquely establishes the spin for these resonances 
as unity. Furthermore, the P*(p,ao)Si** reaction is 
resonant at three of these, at 1.892, 2.027, and 2.120 
Mev. Since the long-range alpha transition leads to the 
ground state of Si** with spin and parity 0+, the 
compound states in S* which resonate for this reaction 
must have natural parity (i.e., 0+, 1—, 2+, etc.), and 
this uniquely establishes the spin and parity of the 
three resonances as 1—. It should be remarked that the 
nonobservation of resonances for the (p,a9) reaction 
cannot be taken as certain evidence that the states do 
not have natural parity, and hence the parity of the 
remaining J=1 states remains in doubt. From the 
known J, the factor® w= (2J+1)/[(2s+1)(2/+1)] can 
be determined, and hence y=I',I’,/I’. In Table V it has 
been assumed that '™T’,, and hence I’, is listed. It is 
interesting to note that six of the eight resonances with 
J=1+ have either 0 or 4 for the P, coefficient, 
which are the values in the limits of either 77 or Is 
coupling. Two of the three J=1— states have the value 
predicted in the limit of jj coupling, but not in the /s 


coupling limit. The third state does not agree with either 
the 77 or /s coupling values. 

The three resonances for which angular distributions 
of the gamma transition to the first excited state of 
S® could be measured have their coefficients listed in 
Table II. Only one of these shows a measurable transi- 
tion to the ground state of S®, and hence is the only 
case in which a spin assignment can be given subject 
to the assumptions made in computing Table IV. At 
this resonance (1.248 Mev) the ratio of the P» co- 
efficient for the first excited state transition to that for 
the ground state is 0.8+0.2. Referring to Table IV, it 
can be seen that J=1+ or 2+ could give the ratio. 
The angular distribution of the ground-state gamma 
transition at this resonance has @:/ag=04+0.1, and 
from Table III it can be seen that this is smaller than 
a2/ao maximum for all values of J listed. However, if 
one makes the further assumption of time invariance, 
the phase difference between matrix elements involving 
different orbitals is no longer arbitrary, but consists 
only of a Coulomb and hard-sphere contribution. 
When this is calculated for a radius of 5.8X10~" cm, 
the upper limit of a2/ao for a J=1+ to J=0+ transi- 
tion is +0.14. On this argument, the spin and parity 


Tasie V. Resonances in S® for the ground-state gamma 
transition. Column 1 lists the proton energy of the resonance. 
Column 2 lists w,=}(2/+1)r,l,/l, where the spin of the level 
J and parity is listed in Column 3. Column 4 lists I'yo, the partial 
width for emission of the gamma ray to the ground state obtained 
from Columns 2 and 3 with the assumption that the partial width 
for formation I’, is substantially equal to the total width. Column 
5 lists the character of the gamma transitions to the ground state. 
Column 6 lists the total width where it can be measured, while 
Column 7 lists its ratio to the p-wave sum rule limit for the four 
p-wave resonances 


i 2 © 
Ey wy 


Mev ‘ Radiation 


M1 or F1 
1.117 0.47 M1 or F1 
1.248 0.06 F2 or M2 
1.892 9.2 2 Fl 
1.985 3.3 El or M1 
2.027 6.5 ; a 
2.120 1.0 , El 
2.320 5 0 M1 or Fl 
2.340 16.0 M1 or Fl 


0.825 0.09 


“ We are indebted to W. T. Sharp for advice on this point. 
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Taste YI. Resonances in S® which have proton capture 
gamma-ray transition probabilities to the first excited state of 
S*(+,) much higher than those to the ground state. At each of 
these resonances the measured value of w, for +; is listed. For one 
of these the spin J of the compound state and hence the partial 
width I’, for emission of +; is determined. 


Ey y l'y 
Mev - ev 


0.816 
1.146 


1,248 0.74 


M1, E2, or El 


for the 1.248-Mev resonance is J/=2+. If the spin and 
parity is 2—, reference to Table IV shows that the 
spin of the first excited state in S® is 2+. If, however, 
J=2+, between 1+, 2+, and 3+ for the 
first excited state can be made until the M1-E2 mix- 
ture in the gamma transition to this state is known. 
An assignment of J=2— is favored over J=2+, 
because the (p,q) reaction is not observed at this 
resonance, although this is not a conclusive argument. 

The measured partial widths’ for the transition to 
the ground state are listed in Column 4 of Table V, 
and for the transition to the first excited state in Column 
4 of Table VI. For comparison the £1 transition proba- 
bilities were calculated using a four-nucleon model in 
jj coupling'* for two possible J=1— configurations for 
the initia! state, and simple configurations for a 0+ 
ground state and a 2+ first excited state. These values 
are listed in Table VII. In these calculations the 
assumption was made that the capturing state had total 
isotopic spin 1 and that the ground state of S* had 
total isotopic spin 0, Comparing these calculated ground 
state partial widths with the three observed E1 values 
in Table V indicates that they are at least 20 times too 
large. Since these three resonances are also resonant 
for the (p,a9) reaction, it is probable that they have 
total isotopic spin zero and that the presence of £1 
radiation reflects the small admixture of T=1. How- 
ever, the ratio of I',9/I'y, listed in Table VII should be 
somewhat less sensitive to the character of the captur- 
ing state. Two of the known J=1— states have co- 
efficients of P; in the angular distribution of the ground- 
state gamma ray equal to —0.5 within the experi- 
mental uncertainty indicating the configuration (s,)*(p;) 
for the capturing state. These would be expected to 
show practically no first excited-state transition, and 


no choice 


* There is an uncertainty of +10% in the values of the partial 
widths due to a lack of detailed knowledge of the composition of 
zinc phosphide targets after evaporation 

*A. M. Lane and L. A. Radicati, Proc 
A67, 167_(1954 


Phys. Soc. (London 
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indeed at one of these resonances (1.887 Mev) this is so, 
as shown from the gamma-ray spectrum of Fig. 3. Here 
the ratio of T'4o/I'y is greater than 100. However, at 
the other resonance (2.120 Mev) the ratio is about 
three. 

The observed total widths of the three J=1— states 
may be assumed to be all proton widths, and are 
compared to the theoretical single particle width in 
Table V. In Column 7 the quantity & is the ratio of the 
reduced particle width to (#?/Ma*)(C7»*7)? which is ex- 
pected to be close to the theoretical single particle 
reduced width.’ The interaction radius a used was 
5.80X10-" cm. The Clebsch-Gordan coefficient in- 
volving the isotopic spins of the parent state 7,=}4, 
of the emitted particle r=}$, and the compound state 


Taste VII. Gamma-ray transition probabilities from an initial 
oroton capture level at 10 Mev in S® to ground and first excited 
state, assuming a simple four-particle configuration in jj coupling 
for the three nucieons in P™ (s;)* and the added proton. The last 
two columns list the ratio of the transition probabilities for the 
ground-state transition (yo) to that for the first excited state 
(y:) and the coefficient a2/a) of P: in the angular distribution. 
These transition probabilities assume 7=1 for the initial state 
and 7 =0 for the ground and first excited state in S*. 


Final state 

Ground state First excited state Ratio 
5) 0+ dy) (sy)?2 + I'(yo)/T Cy) 
250 ev 77 
500 ev 1.6 


Initial 
state 





(54)* Py 


a 3.3 
(55)*P3 e 


v 330 


T=0,1, has the value 4 for both values of 7. The 
reduced proton width is defined as y*?=(I',/2ka) 
(F?+-G?), where I’, is the observed width, & the proton 
wave number, and F; and G, the usual Coulomb func- 
tions. It can be seen that these three states together 
constitute about 60 percent of the single particle width. 
It may be that this effect arises from a coupling be- 
tween a state of J=1— of simple configuration and 
several states of J=1— having complex configurations. 
Mixing effects of this kind have been described by Bohr 
and Mottelson'* and Thomas.” 
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Spins have been tentatively assigned to the first five states of Pt™, the proposed spin sequence being 
0, 2, 2,3 (4), 4. The 296- and 468-kev transitions appear to be dipole-quadrupole mixtures. For the former, 
the percentage quadrupole radiation is 97.5% and for the latter, 5.8% 





HE gamma rays associated with the beta activity 
in 70-day Ir” have been studied extensively in 
recent years.'~* Although energy and intensity measure- 
ments have been made, little information has been re- 
ported on the spins of the nuclear levels of the daughter 
nucleus Pt'**.6 The present paper is concerned with the 
measurement of some of these spins by means of 
gamma-gamma directional correlation experiments. 

The source used in the investigation was a small 
cylinder of pure iridium metal which had been irradi- 
ated in the Chalk River pile. It was mounted in a 
Lucite cylinder having ;g-in. thick walls, and had a 
strength of approximately 0.01 mC. The source was 
suitably aged to eliminate the activity of 19-hour Ir, 
Sources of different physical and chemical form were 
not available for this investigation and thus it was 
possible to study directional asymmetries in the coinci- 
dence rate for the metallic form only. However, since 
no isomeric state with a lifetime >5X10~* second has 
been found’ for this isotope, it is reasonable to assume 
that little or no perturbation of the correlation occurs 
in this case. 

The detectors were conventional scintillation counters 
employing 1-in. cylindrical Nal(Tl) crystals and Du- 
Mont 6292 photomultiplier tubes. The pulses from the 
counters were amplified and fed into single-channel 
differential discriminators.* The output signals from the 
analyzers were fed into a Harwell type 1036 A coinci- 
dence unit (r=0.1 ysec). Three scalers were used to 
record the coincidence rate and the single counting rates 
for each spectrometer. The resolving time of the coinci- 
dence unit was measured several times each day by 
delaying the pulses from one detector by 1 usec and 
measuring the different rates mentioned above. 

A proposed level scheme for Pt' is shown in Fig. 1.4 

t This work was supported by the National Research Council 
of Canada. 

* Now a Postdoctoral Fellow at the National Research Council, 
Ottawa, Canada. 
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The nuclear levels with which this investigation was 
concerned are those at 921, 784, 612, 316 kev and the 
ground state. The first cascade studied is that formed 
by the 468- and 316-kev gamma rays. The gate of one 
discriminator was set to accept pulses lying in the 
468-kev photoelectron line of the gamma-ray ‘pulse- 
height distribution, while the gate of the other was set 
on the multiple photoelectron line containing the 308-, 
296- and 316-kev gamma rays. (The pulse-height distri- 
bution in this investigation was essentially the same as 
that given in reference 4.) It was noted that any inter- 
fering cascades contributed a negligible amount to the 
observed coincidence rate. The data were fitted by 
least squares to the correlation function 1+ A2P2(cos@) 
+ A,P,(cos@). The coefficients, uncorrected for angular 
resolution, were found to be: A»=0.0928+0.038, 
A,=0.0052+-0.047. The experimental points and this 
correlation function (full line) are shown in Fig. 2. 
Since Pt" is an even-even nucleus, it was assumed that 
the ground-state spin was zero and the spin of the first 
excited state was 2. Of the following spin sequences: 
1-2-0, 2-2-0, 3-2-0, and 4-2-0, only the last two give 
correlation functions in agreement with observation. 
The last spin sequence gives values for A; and A, which 
agree with the measured values (after correction for 
angular resolution), but it is difficult to reconcile a spin 
of 4 with the existence of a crossover transition from 
the 784-kev level. With the 3-2-0 assignment, however, 
it is possible to get rough agreement with experiment 
only if the 468-kev transition is a dipole-quadrupole 
mixture. The dotted curve of Fig. 2 shows the function 
(uncorrected for angular resolution) associated with the 
3(94.2% D, 5.8% Q)2(Q)0 spin sequence. The mixed 
radiations are 180° out of phase. The value of A, in 
this case is —0.0033, which although negative, is not 
inconsistent with the least-squares value in view of the 
relatively large statistical errors on the points of Fig. 2. 
It is apparent from this figure that the data are not 
sufficiently precise to decide between the 4-2-0 and 
3-2-0) spin assignments. However, the observed in- 
tensity of the crossover transition from the 784-kev 
level does appear to favor the latter assignment to 
some extent. 

The complexity of the gamma-ray spectrum associ- 
ated with Ir prevented the study of any additional 
isolated cascades. However, a superposition of three 
2-component gamma cascades was examined with some 
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expression of the form 1+A2P2(cos@)+A4P,(cos#). 
After correction for the effect of the 468-316-kev 
cascade, and the finite angular resolution of the de- 
tectors, the coefficients were found to be A2= —0.0803 
+0.058, A,=0.1040+0.065. Using the known intensi- 
ties of the 308-, 296-, and 316-kev gamma rays, and the 
spins assigned to the ground and first excited states, 
the form of the observed correlation function was cal- 
culated for various spin assignments for the 612- and 
921-kev levels. In each case it was assumed that that 
ye of the 308- and 296-kev transitions which involved 
the smaller spin change was a dipole-quadrupole mix- 
ture. (The absence of a crossover transition from the 
921-kev level in Johns’ work® suggested that the spin 
of this level is > 3 units.) The only function which agreed 
with the experimental form was that corresponding to 
the spin assignment 4(()2(2.5% D, 97.5% Q)2(Q)0 for 
the levels concerned. The mixed radiations of the inter- 
mediate transition are 180° out of phase. All other 
assignments gave either imaginary values for the Q-D 
mixing ratio, or correlation functions which did not 
extend to terms in Py. The rather large quadrupole 
admixture in this case is not unique. Similar cases have 
been pointed out by Schiff and Metzger.’ 

It is interesting to note that Johns® finds that the 
log ft values for the 8~ transitions of Ir” are suggestive 
of first forbidden transitions. From the calculated log ft 
values and the gamma-ray intensities, he proposes a 
spin of 4(—) for Ir. Although the present investiga- 
tion is parity insensitive, the assignment of even parity 
to the levels discussed here would be consistent with 
the logft values for the 8 transitions and the general 
properties of even-even nuclei. 


“TD. Schiff and F. R. Metzger, Phys. Rev. 90, 849 (1953). 
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The strongly resonant absorption of gamma rays by O"* that is observed at an energy of 14.7 Mev in the 
reaction O'*(y,p)N"* is discussed. It is shown from consideration of the integrated cross section of this 
resonance and from the angular distribution of the photoprotons that the absorption is most probably 
electric quadrupole in character. It is suggested that the state at 14.7 Mev may be the lowest state of 
surface oscillation of O'*. This hypothesis gives the correct angular distribution for the photoprotons and 
requires the values C:= 56 Mev, B;=1.8X 10 g cm? for the parameters describing the surface oscillation; 
these parameters are 2.0 times bigger and 2.3 times smaller than expectation based on the value of the 
nuclear surface tension and classical hydrodynamics, respectively ; these departures are in the sense naively 


expected for a closed-shell nucleus. 





REACTION O'*(y,p)N'® 


HE well-known electric dipole ‘‘giant resonance” 

in oxygen occurs at a gamma-ray energy of about 
22.5 Mev with a width of about 3.5 Mev and has been 
observed by several authors in O'*(y,n)O"*; the inte- 
grated cross section across it is about 30 Mev-mb. We 
must presume that a similar £1 resonance is to be found 
in O'*(y,p)N™ at about the same energy. Recently, 
Spicer! has observed another well-defined “‘resonance”’ 
in the reaction O'*(y,p)N"; it occurs at a gamma-ray 
energy of about 14.7 Mev, has a width at half-maximum 
of about 1.5 Mev and above it the cross section falls to 
about one-fifth of the peak value before the rise towards 
the expected giant resonance. If we reduce the 
“resonance” to a symmetrical form and subtract from 
it a background suggested by the cross section in the 
trough between it and the giant resonance there results 
an integrated “resonance” cross section of about 4.4 
Mev-mb. Work at the University of Pennsylvania? 
establishes the existence of the expected giant £1 
resonance in the (y,p) reaction at 22.3 Mev and may 
be interpreted as corroborating the existence of this 
lower resonance; it places an upper limit on the inte- 
grated ‘‘resonance”’ cross section for the lower resonance 
of about 4 Mev-mb. That the estimate of Spicer may 
be slightly high is also suggested by the measurement of 
Waffler and Younis’ who determined the cross section 
for the 17.6-Mev gamma ray from the reaction 
Li’(p,7)Be*. With this cross section the measurements 
of Spicer agree quite well, being about 30 percent 
greater. For further discussion we adopt a resonance 
integrated cross section of 4.0 Mev-mb. Since the 
threshold for neutron emission is 15.6 Mev and the 
reaction O'*(y,a2)C" shows no strong resonance at 
this energy, we take this integrated cross section as 
representing essentially the total resonance gamma-ray 
absorption. 


* Work performed under the auspices of the U. S. Atomic 
Energy Commission 
+ On leave from Cavendish Laboratory, Cambridge, England. 
1B. M. Spicer, Phys. Rev. 99, 33 (1955) 
*W. E. Stephens and A. K. Mann (private communication). 
*H. Waffler and S. Younis, Helv. Phys. Acta 22, 614 (1949). 


Spicer also finds that the angular distribution of the 
photoprotons (only the ground state of N'® is ener- 
getically available) may be well represented by 1+-cos’#. 

The resolution of the experiments of Spicer and of 
Stephens and Mann is not good enough to discern 
possible fine structure in the resonance. These facts we 
now discuss: that the absorption of gamma rays by O"* 
has a strongly resonant character around 14.7 Mev into 
a single level or narrow group of levels, that the inte- 
grated cross section represented by this resonance is 
about 4.0 Mev-mb and that the angular distribution of 
the photoprotons is close to 1+-cos*#. 

The suggestion of the experimental results appears 
to be rather clear that we should seek an explanation 
in terms of a single strong level in O"* or possibly a 
group of levels related to a single strong parent level 
rather than in a chance fluctuation in level density 
resulting in an assembly of unrelated levels. However, 
both possibilities must be explored. 


NATURE OF THE RESONANCE 


It has been noted by Spicer that the form of the 
angular distribution excludes electric dipole absorption 
since the subsequent emission of s-wave protons would 
give an isotropic angular distribution while d-wave 
protons would be distributed according to 2+-3 sin’. 

This leaves the possibility of magnetic dipole or 
electric quadrupole absorption. If it is the former the 
associated radiative width of the level or summed 
widths of the levels would be about 77 ev. This we may 
compare with the “single-particle” (Weisskopf esti- 
mate) width of 65 ev. Data are rather scanty on the 
strength of M1 transitions of high energy (say above 
10 Mev) in light nuclei but no transition is well estab- 
lished whose value of |M|? approaches unity (in 
Weisskopf units). Indeed in Ne” at excitations of 13-14 
Mev several 1+ states are known that could make M1 
transitions to the ground state of Ne”; no such transi- 
tion is found. A few states, however, make weak transi- 
tions to the 2+ state of Ne* at 1.63 Mev. Outstanding 
among them is the 1+ state at 13.05 Mev whose 
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anolamously strong radiative transition is M1* and 
which shows a value of |M |? of 0.064 which we must 
regard as unusually high for gamma rays of about 
this energy in this region of the periodic table. (Certain 
possibly M1 transitions of high energy in C” are not 
established in We 
within the usual shell-model scheme 


well character or width.) might 
further note that, 
and selection rules no M1 transition at all can take place 
to the ground state of O"* since that state is a closed 
shell on both LS and j7-coupling schemes; this means 
in practice that we might expect such transitions to be 
rather feebler than those not suffering such discourage- 
This considerations make it very unlikely that 
it 14.7 Mev in O" represents a single M1 
M |?=1.2 
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where between these extremes, we conclude that the 
evidence on the angular distribution also tells against 
M1 absorption. 

When we turn to the possibility of electric quadrupole 
absorption the problem of the angular distribution is 
immediately resolved since only channel spin 1 is now 
possible and the theoretical pattern is again 1+-cos’é 
in agreement with experiment. 

The effective E2 radiative width that we must now 
discuss is 46 ev, and at first sight it seems that to under- 
stand so great a width for £2 radiation is merely one 
degree more difficult than was the case for M1 since 
the E2 single-particle width is 2.8 ev,* with the asso- 
ciated value of | M |? of 16 Weisskopf units. We there- 
fore seek either a single considerably enhanced transi- 
tion or again the less-attractive chance resonance-like 
clustering of unrelated levels. 

We may seek the enhancement either within the 
framework of the shell model, in which case it is asso- 
correlations between the motions of 
equivalent particles imposed by the Pauli principle,’ 
or as arising from some essentially classical form of 
cooperative motion.* We consider first the shell-model 
possibility. 

We are especially favorably placed for seeking en- 
within the shell model because we are 
breaking up a closed shell and so taking advantage of 
the best possible parentage overlap’ between initial 
and final states. We must suppose that the single- 
particle transition with which we are concerned in the 
absorption process is either between the 1p and 1f/ 
shells or between the 1p and 2 shells, though this 
former assumption does not necessarily imply that the 
proton will emerge as an f-wave proton ; after absorption 
into an f-state a subsequent nuclear rearrangement 
could lead to the final emission of a p-wave proton—we 
may indeed exclude the emission of f-wave protons 
the angular distribution would be 
1+6 cos*?@—5 cos? with which experiment does not 
accord. Again we cannot compute the enhancement 
factor F (the factor by which the theoretical radiative 
width, calculated taking into account the effects of 
equivalent particles, exceeds the single-particle width’) 
without knowledge of the coupling scheme; also within 
the 77 scheme we must know the shells between which 
the transition takes place. 

We find for the transition involving the 1f shell: 

Frs=7/5, 
for 1py—1 fy) =7/15, 
for 1py—1f7/2)= 
for 1py+—1 fy) = 2/15 


ciated with the 


hancement 


since associated 


1.44 A*X10-" cm 
H. Wilkinson, Phys 


* We use throughout a nuclear radius of R 

7 See, for example, A. M. Lane and D 
Rev. 97, 1199 (1955 

*A. Bohr and B. R. Mottelson, Kgl 
Selskab, Mat.-fys. Medd. 27, No. 16 (1953 

* This enhancement factor was not considered in the M1 case 
treated above because the single-particle width that it multiplies 
is zero if we take O"* as a closed-shell r 
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For the transition involving the 2 shell: 
F; 8s 
F ;;(for 1py+—2p)) 
F ;;(for 1py—2p)) 
F;;(for 1py—2p;) 

Note added in proof—We might also consider the 
possibility that the transition involves breakup of the 
deep-lying 1s-shell. We find: 

f Ls™ 1 
F;;(for 1s,;—1d;) = q 
F;;(for 1s\—1d,) = 3. 


So, although conditions are as favorable as possible, 
we more usually meet a discouragement than an en- 
hancement and it is clear that we cannot look to the 
shell model to provide the desired enhancement of a 
factor of 16 or so.’® We may also note that we should in 
any case expect to find the 1/-shell or 2p-shell at a 
much greater energy than 15 Mev above the ground 
state of O'*®. We see that an explanation of the resonance 
in terms of a simple shell-model description is out of the 
question. 

We now consider the possibility of an explanation in 
terms of a classical collective model. 


SURFACE OSCILLATION 


Bohr and Mottelson* have investigated the possi- 
bility that nuclei may possess degrees of freedom corre- 
sponding to the hydrodynamic surface oscillations of 
an incompressible liquid drop. In particular, if the 
tendency towards spherical 
find 


nucleus has a _ strong 
symmetry, we 


angular frequency : 


should expect to oscillations of 


w= (C,/ By). 


A=2,3 
acting upon the deformed nucleus and are closely 
related to and the B, 
represent the mass transport in the surface oscillation. 
The lowest lying excited state in this spectrum of 
surface oscillations is the ‘‘one phonon” state of quad- 


, where the C, represent the restoring forces 


the nuclear surface tension 


rupole oscillation that lies at an energy of hw:. This 
state one should expect to combine well with the ground 
or “no phonon” state in a strong £2 transition since the 
surface oscillation involves all protons of the nucleus in 
a collective motion. The radiative width for this £2 
transition is predicted rather simply as: 


*f 

I, LE Rw ; 

200 tt Cs 
%” There may of course be beneath the resonance at 14.7 Mev 
several shell-model states between which the single-particle state 
that we are now considering is divided by configuration interaction 
But the effect of this is also to share the calculated transition 
strength and we are not free to assume the operation of several 

shell-model states each as strong as that now considered. 


OSCILLATION 


OF O'* AT 14.7 MEV 1349 
(where R is the nuclear radius). C; and By, will be de- 
termined from the energy and radiative width of the 
transition from the 2+ state or states at 14.7 Mev 
that we now seek to identify with the radiation of the 
one-phonon state. These parameters may be compared 
with the theoretical estimates. The sense of applying 
the concept of surface oscillations to so light a nucleus 
as O'* may well be questioned but we may probably 
still meaningfully speak of at any rate the quadrupole 
oscillation of interest here—it satisfies the criterion: 
<A}. At so great an energy we must also beware 
of the adiabatic approximation upon which the the- 
oretical treatment is based. C, is derived theoretically 
from the surface tension 

in the semiempirical mass formula with a correction 
(small in the light nuclei) for the change in Coulomb 
energy For 
O'*, using the value of the surface tension recom- 
mended by Bohr and Mottelson, we compute the 
theoretical value C.= 29 Mev. By is given theoretically 
by the classical hydrodynamical formula as 4.2 10™ g 
cm’. In comparison of experiment with these estimates 


effective erm occurring 


with distortion from spherical shape. 


we must bear in mind that O'* is a very tightly bound 
Bohr Mottelson have 
pointed out, we should in this circumstance, because 


closed-shell nucleus. As and 
of the rigidity of the closed shells, expect the values of 
C obtaining in practice to be anomalously large and so 
the above value of C, derived from the surface tension 
of the semiempirical mass formula becomes a lower 
limit to what might reasonably be expected. Similarly in 
a closed-shell nucleus we may argue naively that it is 
unlikely that all nucleons will participate freely in 
the collective flow and so the mass transport and 
hence B, should be expected to be less than the classical 
value quoted above; but this is no real argument and 
we do not really know what to expect about Bz. 

If we take the parameters of the 14.7-Mev resonance 
and, identifying it with the “one-phonon” state of the 
quadrupole surface oscillation, insert them into the 
56 Mev and B,= 1.810" 


correct order and 


above formuias, we find C, 
gcm*. These values are both of the 
deviate from the simple theoretical values in the sense 
naively expected for a closed-shell nucleus, Cy being 
We must, 
however, bear in mind that in so light and so special 


experimentally too large and B, too small 


a nucleus as O'* the simple relationships of the classical 
calculation may no longer hold except as dimensionally 
correct expressions. Also the mixing with neighboring 
for the 


properties of the one-phonon state and, as noted, the 


states may have important consequences 
adiabatic approximation must be incorrect." 

In view of this agreement between theory and experi- 
ment, surprising in so small! a nucleus as O"*, it seems 
that we should take seriously the possibility that we 
are here confronted with an example of surface oscilla- 


tion. We should remark that, although we have been 


" For a discussion of these problems, see especially D. R. Inglis, 


Phys. Rev. 97, 701 (1955) 
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we wish to identify the level with the one-phonon state 
we must in addition take its isotopic spin to be zero 

This means that we have at our disposal only that part 
of the £2 sum corresponding, in our present case, to 
transitions between states of T=0. This in turn means 


that all the transitions of Bohr-Mottelson type from 
} 


the ground state of a self-conjugate nucleus such as 
O'*, are due to that part (usually called H 
Hamiltonian describing the interaction between 
nucleus and the electromagnetic field that is a scalar 
with respect to rotations in isotopic spin space and so 
has the selection rule ATJ=0. The her part (H;) of 
the Hamiltonian which is the Z-component of a vector 
in isotopir spin s} 1as the selection rule AJ=+1 
in a self-conjugate n ‘us and so makes no contribu- 
tion here. We should therefore compare our present 
iti with the complete E2 sum 
that derives from Ho. Gel 
lave given a convenient sum rule 
self only Vv ith and which is ir lepender 


effects 


we must expe 
the above H 


ym trans tion 


ilue for Bo: 


i 


the Goldhaber-Teller 
hear, the nt photonuclear electric di e resonances 
M. Goldhaber and Teller, Phys. Rev. 74, 1046 (194 


5 must 
hange the iso t 


a self-conjugate nucleus such as we 


¢ now cmscussi 


7M. Gell-Mann Telegdi, Phys. Rev. 91, 169 (1953 
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somewhat. This may be due either to experimental 
error in estimating the strength of the resonance or 
perhaps to a relaxation of rules based on isotopic spin 
as a good quantum number. It is known that at a 
lower excitation in O'* (13.05 Mev) considerable T7=0 
admixture is found in a T=1 state,“ and it may be 
that our 14.7-Mev state which would be pure T=0 in 
an ideally charge-independent system may contain a 
substantial admixture of T= 1 which would allow a con- 
tribution to the transition to be made by the H; part 
of the Hamiltonian. In this connection it would be 
interesting to investigate experimentally the isotopic 
spin of the 14.7-Mev level. If we are correct in our 
assignment, it should certainly have a large 7=0 com- 
ponent and should presumably show strong alpha- 
particle emission to the low-lying T=0 states of C”. 
The presence of a substantial 7=1 contamination 
would be revealed by F1 transitions to low-lying T=0 
states of odd parity in O'* such as the 3— state at 6.14 
Mev, the 1— state at 7.12 Mev® or the 2— state at 
8.87 Mev.!% 

4 TD. H. Wilkinson, Phys. Rev. 90, 721 (1953 

46 Toppel, Wilkinson, and Alburger, Bull. Am. Phys. Soc. 30, 
No. 3, 32 (1955). 
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OSCILLATION OF O** 


AT 14.7 MEV 


REACTION N'*(p,y)0"* 


There is good hope that much more detailed informa- 
tion on this interesting resonance, particularly with 
regard to its possible fine structure, may be obtained 
through a study of the reaction N'(p,y)O"*, At the 
peak of the resonance, the associated proton energy 
(in the reaction of radiative capture) is only 2.8 Mev 
so a 4-Mev accelerator is capable of spanning the whole 
of the interesting region of excitation. Much more 
accurate angular distributions and radiative width 
measurements should be possible than in the photo- 
disintegration experiment. The investigations into the 
isotopic spin properties of this level, mentioned in the 
last paragraph, could also be most powerfully investi- 
gated through proton bombardment. 

It is planned to undertake these measurements in 
this laboratory. 
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Gamma Radiation from the Interaction of 4.4-Mev Neutrons with Fe™ and Fe°*t 


Rotr M 
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The gamma radiation from the interaction of 4.4+0.1 Mev neutrons with naturally occurring iron has 


been compared with that from a sample enriched to 34 percent Fe™ 
gamma rays from small samples and the shielding of the Nal detector are described 


The methods used for detection of 
The results show that 


the well-known 0.85-Mev gamma ray comes from Fe®™, and that Fe emits a gamma ray of energy 1.40+-0.02 
Mev. The ratio of the cross section for production of this 1.40-Mev radiation to that of the 0.85 Mev is 


0.62+0.07 at 4.4 Mev neutron energy, and 0.68+-0.10 at 3.9 Mev. The 1.40-Mev gamma ray is tentative 


ly 


assigned to the reaction Fe*(n,n’)Fe™*(7)Fe™, and is believed to represent the de-excitation of the first 


excited state 


INTRODUCTION 


ECENT work in this laboratory has made possible 

the measurement of gamma radiation emitted by 
smal! samples of material bombarded by fast neutrons. 
The size of the scatterer from which gamma rays can 
be unambiguously detected has been reduced suffi- 
ciently so that the presently available amounts of 
separated isotopes can be employed. This makes pos- 
sible the isotopic assignment of the gamma rays pro- 
duced by the neutron bombardment of polyisotopic 
elements, as well as the detection of radiation emitted 
by the less prevalent isotopes which is usually masked 


t Assisted in part by the joint program of the Office of Naval 
Research and the U. S. Atomic Energy Commission. 


by that from the more abundant ones. The isotopes 
Fe* and Fe®* have been studied by this method. 


EXPERIMENTAL 


Figure 1 shows the geometry of the experiment. A 
14 in.X1} in. cylindrical Nal(Tl) crystal detected 
gamma radiation from a scatterer exposed to fast 
neutrons produced by the deuteron bombardment of a 
D, target. The spread in neutron energy was calculated 
to be 100 kev. The neutron flux was monitored by a 
Hanson long counter at 0° to the deuteron beam, and a 
current integrator measuring the deuteron current 
incident on the target. The crystal was shielded from 
the neutron source and the background due to the 
electrostatic generator by tungsten and lead. The gas 











ROLF M. 





>cotterer 


Neutron Source 


Fic. 1. Experimental arrangement used in the study of gamma 
radiation emitted by small samples bombarded by 


last neutrons 
was located seven feet above the floor of a 
thin-walled shed adjoining the generator building, and 
the supporting structures were kept to a minimum. 

A 32.51-g sample of metallic iron electromagnetically 


target 


enriched in Fe™ was obtained from the Stable Isotopes 
Division, Oak National 
similar sample was made from normally occurring iron. 
The scatterer dimensions were 1} in.X 1} in.X0.181 in. 
Table I gives the isotopic compositions 


Ridge Laboratory, and a 


RESULTS 
Figure 2 shows the pulse height curves obtained. The 
gamma rays previously reported' from iron can be 


clearly seen, superimposed on the smooth curve from 


neutron interactions in Nal.? Fe™ emits a gamma ray of 
energy 1.40+0.02 Mev 
the 1.17- and 1 


presumably the 


, measured by comparison wit! 
rhis is 


same gamma ray reported previously 


33-Mev gamma rays from Co® 
by other observers’ working with lower neutron energies 
and normal iron. No other gamma rays could be de 
tected from Fe™ 

The ratio of the 0.85-Mev gamma-ray yield from the 
two samples was found to be 0.77+-0.05, confirming its 


assignment to Fe®*. No accurate data could be obtained 


TasLe I. Isot pic Compositior if iron sampies.* 
Fe™ 5.84 34.47 
Fe* 91.68 65.31 
Fe 2.17 0.203 
ke 031 0.016 

Other elements present egligible amounts 





® Reported by I { kK Oak Ridg ‘a 

Oak Ridge Nat I at Lot Do 44 : 

G. L. Griffith, Phys. Rev. 98, 579 (1955 

?G. A. Jones and D. H. Wilkinson, Proc. Phys. Soc. (London) 
A66, 1176 (1953); R. M. Sinclair ys. Rev. 93, 1082 (1954 

*R. B. Day, Phys. Rev. 89, 908 (1953) - Garrett, Hereford. and 


Sloope, Phys. Rev. 92, 1507 
Phys. Rev. 95, 989 (1954 


1953): R. M. Kiehn and ¢ 


Gsoodmar 
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on the yield of the gamma rays with energy greater 
than 1.4 Mev, but their assignment to Fe** seems 
certain. The ratio of the areas under the photopeaks 
of the 1.40-Mev and 0.85-Mev gamma rays from the 
enriched sample was 0.18+0.02 at 4.4-Mev neutron 
energy. Correcting this for the energy-dependent 
photopeak efficiency of the spectrometer,‘ the isotopic 
abundances, and absorption in the scatterer® gives a 
ratio for the cross sections for production of these two 
gamma rays of 0.62+0.07. At 3.9-Mev neutron energy, 
this ratio was found to be 0.68+0.10.° No correction was 
nade for multiple neutron scattering. Errors quoted 
are twice the probable errors of a number of measure- 
ments, to allow for systematic errors. 

The 1.40-Mev gamma ray is tentatively assigned to 
the reaction Fe*(n,n'y)Fe™, from the excitation of the 
first excited state. This agrees with the value of 1.413 
+0.005 Mev found for this state by Phillips et ai.,’ 





Fic. 2. Pulse-height 
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and with the behavior of even-even nuclei in the vi 


cinity of 28 neutrons.* The second level in Fe** should 
~2.2X1.4=3.1 Mev,’ and 


excite than the corresponding level 


be at ld be harder to 
in Fe®*. Any gamma 
rays from this level in Fe* could be masked by the 
higher-energy radiation from Fe**. The possibility that 


wou 


the 1.40-Mev gamma ray follows a process other than 


neutron inelastic scattering cannot be ruled out, but 


similarity of its 


this seems unlikely because of the ; 
yield to that of the 0.85-Mev gamma ray 


* Woodbury, Tollestrup, and Day, Phys. Rev. 93, 1311 (1954 


*C. M. Davisson and R. D. Evans, Revs. Modern Phys. 24, 
79 (1952 

* These values differ slightly from those reported earlier [R. M 
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at the January, 1955, American Physical Society meeting 
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5G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953); P. Stihelin 
and P. Preiswerk, Nuovo cimento 10, 1219 (1953 
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Elastic Scattering of Protons, Deuterons, and Alpha Particles from Heavy Elements* 


H. E. Govet 
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(Received May 18, 1955) 


The elastic scattering of 7.8-Mev protons from Au’, 27.5-Mev alpha particles from Au'*’, and 15.2-Mev 
deuterons from Pb®* and Bi®* has been measured as a function of angle. Except for the proton scattering 
which bears a constant ratio to Coulomb scattering, the cross sections when plotted as a ratio to the 
Coulomb cross sections fall sharply below unity at an angle of about 50° for the alpha particles on gold and 
about 30° for the deuterons on lead and bismuth. The absolute cross section for elastic scattering of 15.2 
Mev deuterons from gold at 30° is equal to the Coulomb value within 20%, the energy variation is pro- 
portional to E~ from 15.2 to 8.5 Mev to within 6%, also at 30° 





INTRODUCTION 


HE recent work of Farwell and Wegner on the 

elastic scattering of intermediate-energy alpha 
particles by heavy nuclei,! Wall, Rees, and Ford on 
the elastic scattering of 22-Mev alpha particles, 
Wegner, Eisberg, and Igo on the elastic scattering of 
40-Mev alpha particles from heavy elements,’ and the 
theoretical work of Blair,* Izumo,® and Porter® have 
prompted the present publication of some experiments 
along similar lines completed a few years ago,’ which 
employed 7.8-Mev protons, 15.2-Mev deuterons, and 
27.5-Mev alpha particles from the M.I.T. cyclotron. 
The experiments were begun originally to check abso- 
lute cross-section measurements for (d,p) reactions.*® 


EXPERIMENTAL TECHNIQUES 


The apparatus used in these experiments has been 
described previously.’ A method of monitoring the beam 
was provided in addition to the shallow ionization 
chamber at the entrance to the scattering chamber 
described in this reference. A proportional counter was 
located on the scattering chamber lid so that it could 
view the target at an angle of 30°. This procedure 
enabled the angular distributions to be measured with 
somewhat more consistent results, since any changes in 
target thickness reflect themselves equally in the counts 
recorded by both proportional counters. In addition, a 
set of various apertures was provided which could be 
inserted automatically between the target and the 
rotating counter to accommodate the large variation 


* This work was supported in part by the joint program of the 
Office of Naval Research and the U. S. Atomic Energy Com- 
mission. 

+ Now at Atomic Energy of Canada Limited, Physics Division, 
Chalk River, Ontario, Canada 

1G. W. Farwell and H. E. Wegner, Phys. Rev. 93, 356 (1954), 
and Phys. Rev. 95, 1212 (1954). 

2 Wall, Rees, and Ford, Phys. Rev. 97, 726 (1955). 

? Wegner, Eisberg, and Igo, Phys. Rev. 99, 825 (1955). 

‘J. S. Blair, Phys. Rev. 95, 1218 (1954). 

5K. Izumo, Progr. Theoret. Phys. (Japan) 12, 549 (1954). 

*C. E. Porter (private communication). 

7H. E. Gove, Massachusetts Institute of Technology (LNSE) 
Progress Report, February, 1951 and May, 1951 (unpublished). 

*H. E. Gove, Phys. Rev. 81, 364 (1951). 

* Boyer, Gove, Harvey, Deutsch, and Livingston, Rev. Sci. 
Instr. 22, 311 (1951). 


in counting rate with angle encountered in elastic 
scattering. Aperture ratios were measured experi- 
mentally at fixed angles. The zero-degree angle was 
established by scattering 7.8-Mev protons from a 
0.2-mg/cm? gold target at three angles between about 
30° and 40° on each side of the proton beam. The 
counter could be set to any angle in a relative sense to 
an accuracy of better than +0.5 degree. With the zero- 
degree angle established as described, the counter 
absolute angle was accurate to within +0.5 degree. 
Since the rate of change of intensity of scattered par- 
ticles varies rather rapidly with angle, a counter of 
finite resolution measures the cross section at a some- 
what smaller angle than that measured to the center 
of the aperture. This correction amounted, at most, to 
0.3 degree, and was neglected. To test the apparatus 
the angular distributions of 7.8-Mev protons elastically 
scattered from gold was measured between 20° and 90°, 
The resulting distribution plotted as a ratio to Coulomb 
scattering is shown in Fig. 1. This ratio is seen to be 
constant within the accuracy to which the angles can 
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Fic. 1. The cross section for elastic scattering of 7.8-Mev 
protons from a 0.2-mg/cm* gold target plotted as a ratio to the 
Coulomb cross section against angle in the laboratory system 
The two dotted curves show the fractional variation in the 
Coulomb cross section for a +0.5-degree variation in counter 
angle which is the accuracy of the counter setting. 
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Fic. 2. The cross section for elastic scattering of 27.5-Mev 
alpha particles from a 26.4 mg/cm* gold target plotted as a ratio 
to the Coulomb cross section against angle in the laboratory sys- 
tem. The two dotted curves show the fractional variation in the 
Coulomb cross section for a +0.5-degree variation in counter 
angle which is the accuracy of the counter setting 


be set and is assumed to be unity on the average for 
purposes of plotting. 

The absolute cross sections for the elastic scattering 
of 15.2-Mev deuterons from gold were measured at 
small angles in the following fashion. The integral 
range spectrum of deuterons elastically scattered from 
a 0.2-mg/cm? gold foil was measured at 30°, the exact 
angle having been determined as described above, for 
a fixed number of microcoulombs of deuterons passing 
through the shallow ionization chamber at the entrance 
to the scattering chamber. This gives the absolute 
number of deuterons scattered within the solid angle 
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Fic. 3. The cross section for elastic scattering of 15.2-Mev 
deuterons from a 21.1-mg/cm* Pb™ target (open circles) and from 
a 10-mg/cm* Bi™ target (crosses) plotted as a ratio to the Coulomb 
cross section against angle in the laboratory system 
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to that for 22-Mev alphas on gold (crosses) measured at 
ndiana University, plotted against angle in the laboratory system. 


defined by the counter for a fixed number of deuterons 
incident on the target. The ionization chamber was 
calibrated in the following three independent ways: 


(1) By measuring the current produced when the 
deuterons are stopped by a thick copper plate of the 
size of the target, placed in the target position. 

(2) By measuring the temperature rise in such a 
copper plate after a given bombardment time. 

(3) By measuring the activity of Na™ produced by 
bombarding a thin aluminum foil placed in the target 
position for a measured time. The cross section for the 
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Fic. 5. ¢/e¢, for 27.5-Mev alphas on gold (open circles) com- 
red to that for 22-Mev alphas on gold (crosses) measured at 
ndiana University, plotted against apsida] distance. 











ELASTIC SCATTERING OF PROTONS 


AF" (d,pa)Na™ reaction is known as a function of deu- 
teron energy.” 


The three methods agree to within +10%. The 
counter solid angle, defined by a 0.5-inch diameter 
hole at a distance of 4} inches from the target, was 
0.066% of a sphere. After the experiment the target 
thickness was determined by weighing a known area of 
the foil on a microbalance. The cross section measured 
in this way agreed with the calculated Coulomb cross 
section to within 20%. 


EXPERIMENTAL RESULTS 


The cross section for elastic scattering as a ratio to 
the Coulomb cross section versus angle is shown in 
Fig. 1 for 7.8-Mev protons from a 0.2-mg/cm? gold 
target, in Fig. 2 for 27.5-Mev alpha particles from a 
26.4-mg/cm* gold target, and in Fig. 3 for 15.2-Mev 
deuterons from a 21.1-mg/cm* Pb™®* target" and from 
a 10-mg/cm? bismuth target. The elastic scattering of 
deuterons from gold was measured accurately only at 
forward angles where the cross section was still Cou- 
lomb. Earlier measurements” indicate that the results 
of scattering 14-Mev deuterons from gold are similar, 
but a detailed comparison cannot be made. 

The energy variation for the elastic scattering of 
deuterons from gold at 30° was also measured over the 
range of deuteron energies from 15.2 to 8.5 Mev, and 
found to vary as 1/E* to within 6%. 


DISCUSSION 


The experimental results of the elastic scattering of 
27.5-Mev alpha particles from gold plotted as a ratio 
to the Rutherford cross section versus angle (Fig. 4) 
and versus apsidal distance (Fig. 5) are compared with 
the results of Wall ef al.2 at 22 Mev. The apsidal dis- 
tance g is defined as 


1 Zze* tf] 
=-- 1+csc- }, 
735 (+5) 


where Z and z are the atomic numbers of helium and 
gold and E is the alpha energy. In this expression the 
scattering angle @ is variable. 

The initial 10% rise in the cross-section ratio before 
fall-off, which occurs in the results at 22 Mev, also 
appears to occur in these data taken at 27.5 Mev. 


FE. T. Clark, Phys. Rev. 71, 187 (1947). 

4 Su plied by Carbide and Carbon Chemical Division, Oak 
> ational Laboratory, Oak Ridge, Tennessee. 

Massachusetts Institute of Technology (LNSE) Progress 
Report, July, 1950 (unpublished). 
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According to the theory of Blair,‘ a simple recipe 
obtains for the sum of the alpha-particle radius and the 
radius of the bombarded nucleus, and that is the apsidal 
distance at which o/¢,=}. This quantity (referred to 
aS gz) is listed in Table I for the present work at fixed 
energy, and for the work of Farwell and Wegner' at 
two fixed angles. These three values agree within their 
uncertainties, and give an average of (10.23+0.12) 
X10-" cm. From this, assuming that R= RoAay'+Ra, 
one obtains Ro= 1.55X 10-" cm for Rz= 1.2K 10 cm,* 
or Ro=1.52X 10-8 cm for R,=1.38X 10-" cm." In any 
case there appears to be some justification for Blair’s 
result that gi/4 is substantially constant. The results of 
Wall et al.,? although not quite reaching o/o,=}, will 
clearly be very close to g:4= 10.2 as can be seen from 
Fig. 5. The results of Wegner ef al.* for 40-Mev alpha 
particles also give closely the same value of gi/«. 

Although it is probably true that the theory of Blair‘ 
should not be applied to elastic deuteron scattering, it 
is interesting to note that for the elastic scattering of 


Taste I. The value of the apsidal distance gi, at which the 
observed cross section of elastic scattering of alpha particles from 





gold falls to 1/4 of the Rutherford value. 
Fixed energy gia X10" @ and E (Mev) 
or angle (em) or give 
Farwell and Wegner* 60° 10.05+0.16 60° 27.0 
Farwell and Wegner* 96° 10.45+0.25 96° 204 


This work 27.5 Mev 10.2040.20 84° 27.5 


* See reference 1. 


15.2-Mev deuterons from Pb” and Bi® the value of 
gys is 9.34X10-" cm for both. This is appreciably 
smaller than the above value for alpha particles on gold. 

Porter® has attempted to explain the deuteron data 
theoretically by assuming that the main effect that 
lowers the cross section below the Coulomb value is 
absorption of the deuteron from the incident beam. 
This same theory applied to the elastic scattering of 
alpha particles’ gives quite good agreement* for the 
following parameters; d~2X10~" cm and R/lo~3-4, 
with R assumed to be given by 


R= (1.51X A!+-1.2)X10- cm, 


where d is a measure of the thickness of the diffuse 
edge of the nucleus, R is the interaction radius, and J» 
is the mean free path near the center of the nucleus. 

For the deuteron scattering shown in Fig. 3 the best 
fit® is obtained for R= 14X10" cm, d=3.5X10-" cm, 
and R/ly~1. It is pointed out* that interpretation of 
the data is somewhat uncertain in view of the possi- 
bility of electric breakup of the deuteron. 
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Mechanism of the Reaction C'*+ p-—-p+3.« at 29 Mev* 


Joun L. Neept 
Radiation Laboratory, University of California, Berkeley, California 
(Received May 24, 1955) 


A methane-filled expansion cloud chamber, operated at } atmosphere, was used to study the C"+p—p 
+3a reaction. Two hundred events that satisfied momentum and energy conservation were accepted for 
analysis. One hundred forty-eight of these had all four prongs visible; the remaining fifty-two had only 
three visible prongs with the fourth prong directed into an invisible region of the chamber. One-quarter 
of the events proceeded via the Be* ground state and at least one-half via the 2.9-Mev level in Be**; possibly 
higher levels in Be* were also involved. Evidence for the participation of levels in C" at 9.6, 16, 20, and 
25 Mev was found. There is evidence that the C'*(p,a)B* reaction also participates, with levels at 0 and 
3.24+1.0 Mev. The possibility of the C*4-p-—-+Li'+Be* reaction was investigated and it was concluded 
that it could account for at most five percent of the events. At least one example of the C%(p,d)3a reaction 


was seen 


INTRODUCTION 


NE of the first successful analyses of a nuclear 

reaction in which the reaction products consisted 
of more than two particles was that of Dee and Gilbert! 
explaining the alpha-particle energy spectrum from 
B"(p,a)Be*. Three alpha particles are produced in this 
reaction. For a bombarding energy of 200 kv the energy 
spectrum of the alpha particles can be divided into 
three groups’: (a) a homogeneous group, which contains 
about one percent of the alpha particles, at 5.7 Mev, 
(b) a broad group at 3.85 Mev, and (c) a continuous 
distribution extending from low energies to about 5 
Mev, which contains roughly twice as many particles 
as Group 2. 

These were interpreted by Dee and Gilbert as due to: 
(a) the reaction B'(p,a)Be*, with the Be*® formed in 
the ground state, (b) the reaction B"(p,a)Be™* with 
the Be™ left in a state of excitation at 2.8 Mev. (The 
width of Group 2, 0.51 Mev full width at half-maximum, 
corresponds to a width of 0.77 Mev for this excited 
state), (c) the breakup of the excited Be* nuclei, Be*—>2a. 

In 1949, Hanni, Telegdi, and Ziinti® observed three- 
prong stars in nuclear emulsions that had been exposed 
to the y rays from protons on lithium. They determined 
the sum of the energies of the three prongs for each 
event (E,), assuming them to be alpha particles. The 
distribution in FE, showed two peaks, one at 7.5 Mev 
and the other at 10.1 Mev. These values are in agree- 
ment with the known energies of 17.6 and 14.8 Mev 
for the lithium y rays and the value of 7.4 Mev for the 
QO of the C"(y,3a) reaction. These stars were therefore 
identified as being due to this reaction produced in 
the carbon present in the emulsion 

The energy spectrum of the alpha particles from 
the stars due to the 17.6-Mev y ray showed a con- 
tinuum that went to 5.3 Mev and showed a marked 
* This work was performed under the auspices of the U. S 


Atomic Energy Commission 

+ Now at Oak Ridge National Laboratory, Oak Ridge. Ten 
nessee 

Pp. I. Dee and C. W. Gilbert, Proc. Roy. Soc. (London) 154, 
279 (1936) 

tH. A. Bethe, Revs. Modern Phys. 9, 217 (1937 

+ Hanni, Telegdi, and Ziinti, Helv. Phys. Acta 21, 203 (1948 


peak at 4.7 Mev. This spectrum is similar to that 
obtained by Dee and Gilbert from the reaction B" 
+p—3a. The analysis was carried out in the same 
fashion and yielded similar results, i.e., a two-step 
process, in which the first step is a C"(y,@) Be™ reaction 
where the Be* nucleus is left with an excitation energy 
of 3.0 Mev, and the second the breakup of the Be™* 
into two alpha particles. They also noted stars that were 
interpreted as going through the ground state of Be’. 

Following this, many experimenters*“" have investi- 
gated the C(y,3a) reaction at y energies up to 300 
Mev. The cross section as a function of energy shows 
two large peaks at y energies of 19 and 29 Mev, witha 
marked minimum at 21 Mev. No events have been 
observed at energies above 42 Mev. Examination of 
some 2500 stars gives evidence that the two peaks are 
formed by the superposition of narrow resonances 
spaced at about 1-Mev intervals. The strongest of 
these lie at y energies of 17.3, 18.3, 21.9, 24.3, 26.5, 
and 29.4 Mev. The presence of these multiple resonances 
and the strong minimum in the region of the giant 
(y,#) resonance suggest a definite compound-nucleus 
reaction.® 

At an energy of 17.6 Mev, the reaction proceeds 
predominantly via the 3.0-Mev level in Be™* with about 
two percent going via the ground state. This preference 
for the 3.0-Mev excited level holds true for y energies 
below about 19 Mev. For stars due to y energies greater 
than 26 Mev the reaction seems to proceed via either 
the ground state in Be* (12 percent) or one of three 
levels in Be**, at 16.9, 17.8, or 16.4 Mev, with the 
16.9-Mev level predominating. This level has J = 2 and 

*V. L. Telegdi and W. Ziinti, Helv. Phys. Acta 23, 745 (1950) 

* Goward, Telegdi, and Wilkins, Proc. Phys. Soc. (London) 
A63, 402 (1950). 

* J. J. Wilkins and F. K. Goward, Proc. Phys. Soc. (London) 
A64, 201 (1951); A64, 1056 (1951); A66, 661 (1953). 

7M. Elder and V. L. Telegdi, Helv. Phys. Acta 25, 55 (1952). 

*F. K. Goward and J. J. Wilkins, Atomic Energy Research 
Establishment Report, GM/127, 1952 (unpublished); Proc. Roy 
Soc. (London) A217, 357 (1953 

*D. L. Livesey and C. L. Smith, Proc. Phys. Soc. (London) 
A66, 689 (1953 

”C.H. Miller and A. G. W. Cameron, Can. J. Phys. 31, 723 
(1953) 

"S. D. Softky, Phys. Rev. 98, 173 (1955). 
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even parity, and is possibly the analog of the Li* and 
B® ground states with isotopic spin T= 1. 

In the region between 19 and 26 Mev the mechanism 
of the reaction is uncertain. The proportion of events 
that go via the ground state of Be* increases with 
energy from about 5 percent to 18 percent in this region. 
Those events which go via the 3.0-Mev level in Be* can 
account for at most one-third of the events. It may be 
that higher levels in Be*® are involved, or possibly even 
three-particle breakup in the remainder of the events. 
The present data are inconclusive on this point. 

The breakup of C" into three alpha particles has 
also been initiated by neutrons. Aoki” noted three-prong 
stars in a methane-filled cloud chamber exposed to 
Li+D neutrons. Their total energies were in agreement 
with the assumption of the reaction C"(n,n’)3a. Most 
of the stars showed a random distribution of energy 
among the prongs, but there were some that had two 
short prongs and the other quite long. These have since 
been interpreted as events that went through the Be® 
ground level. 

In 1949, Green and Gibson exposed nuclear emul- 
sions to neutrons from deuterons on lithium and 
observed three-prong stars. At the energies available 
the two possible reactions were 


N4+n-Li’+ 2a—8.8 Mev, 
C®+n—-n'+3a—7.4 Mev. 


The stars were analyzed to obtain the energies of the 
incident and scattered neutrons. The observations were 
sufficiently accurate to eliminate the possibility of the 
nitrogen reaction, and the stars were therefore identified 
as being due to the C"(n,n’)3a reaction. 

The data of Green and Gibson were analyzed further 
by Livesey and Smith,’ who found that the energy 
spectrum of the inelastically scattered neutrons showed 
two peaks corresponding to energy levels in C™ at 
9.6 and 11.8 Mev. Those events which appeared to go 
via the 9.6-Mev level in C” were all consistent with the 
assumption that they involved the ground state of Be’. 
The events that corresponded to the 11.8-Mev level in 
C” went via the broad 3.0-Mev level in Be™. 

In this experiment methane was bombarded with 
29-Mev protons to study the C"®+p—~+p+-3a reaction. 
It was expected that many of the above-mentioned 
features of the reaction mechanism would show up in 
the work. An investigation of this reaction is made 
difficult by the presence of three competing reactions, 
which yield the same end products and thus give the 
same appearance in a cloud chamber. The three possible 
reactions are 


C"(p,p')C*—Be®+a—3a, (1) 
C"*(p,a) B°+Be*+ p-—>p+ 2a, (2) 
C"(p,Li*) Be*+p+ 3a. (3) 


*H. Aoki, Proc. Phys.-Math. Soc. Japan 20, 755 Ag 
BL. L. Green and W. M. Gibson, Proc. Phys. Soc. (London) 
AG62, 296 (1949). 
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Reaction (1) is suggested as parallel to the C"(y,3a) 
and C"(n,x')3a reactions in which C™ is formed in an 
excited state as an intermediate nucleus. The first 
step of Reaction (2) has been identified at a bombarding 
energy of 18 Mev."* Peaks in the alpha-particle spectrum 
corresponding to the ground and first excited levels of 
B® were seen, together with a large background of 
alpha particles at low energies. Reaction (3) is included 
as being energetically possible. 


EXPERIMENTAL PROCEDURE 


The cloud chamber was operated in the annex of the 
linear-accelerator building. The proton beam from the 
linear accelerator was deflected 10° by the steering 
magnet and sent down a 25-foot evacuated tube to the 
chamber. The last 10 feet of the beam tube was made 
of soft iron pipe with a 2-inch outside diameter and 
0.25-inch walls. This was done so that the beam 
diameter was not greatly increased through deflection 
and momentum analysis of the beam by the fringing 
field of the Helmholtz coils. A 0.001-inch aluminum 
thin window covered the end of the beam tube. An air 
ionization chamber was placed between the end of the 
beam tube and the cloud chamber to permit the oper- 
ator to adjust the machine for maximum beam intensity 
between pictures. Three collimators were used: the 
four-jaw collimator at the exit end of the linear acceler- 
ator; a carbon collimator with a diameter of 0.1 inch, 
placed at the exit of the steering magnet ; and a carbon 
collimator of }-inch diameter at a distance of 15 feet 
along the beam tube, shadowed by a carbon clipper of 
#y-inch diameter placed 1 foot away. The four-jaw 
collimator was used to limit the intensity of the beam 
entering the chamber. The carbon collimators defined 
the beam direction and diameter. 

The air-cooled Helmholtz coils produced a peak field 
of 6870 gauss with a current of 2200 amperes when used 
in pulsed operation. Current was supplied by a 540-kw 
minesweeper generator with a 2-ton flywheel mounted 
between the motor and generator. The current pulse, 
synchronized with the cloud-chamber cycle, had a rise 
time of 2} seconds and remained stationary at its peak 
for about 0.2 second. A cycle time of about 2 minutes 
was used. This limit was imposed by the maximum 
temperature at which the magnet could be safely 
operated. 

The cloud chamber was generally cylindrical in shape 
and was operated with its axis of rotation horizontal. 
It consisted of front and back volumes of 15-inch inside 
diameter, the front volume being 4 inches high and the 
back volume 5 inches. The beam entered the chamber 
through a thin window of 0.001-inch aluminum. Front 
and back volumes were separated by a lucite piston 
sealed by a diaphragm of y;-inch gum rubber. Panto- 
graph arms were used to keep the piston parallel to 
the front glass during the expansion. Black velvet over 


“ J. B. Reynolds, Phys. Rev. 98, 1289 (1955). 
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a cheesecloth pad covered the piston on the front 
volume side. This was used as a black background for 
the photography and as a wick to supply water vapor 
to the top of the chamber. A clearing field was main- 
tained between the piston and a grid of 3-mil tungsten 
wire mounted on a Lucite spacing ring just back of the 


front glass. Fiducial marks of known separation were 


scribed on the inside of the front glass 
Since it was desired to operate at a total pressure of 
atmosphere, a cylindrical tank was put over 


about 4 


the pop valve and evacuated before each expansion. 
The back-volume air pressure was controlled by a 
vacuum as the 

} 


Slow expansions were obtained by the use of 


Moore regulator using a reference 


pressure 


a solenoid valve which simultaneously connected the 
back volume to the vacuum tank and turned off the 


back-volume air supply 
Stereopairs were taken on Eastman Linagraph Ortho 


film with 
27-mm 


a matched pair of Wollensak Velostigmat 
lenses operated at f/8. Illumination was by 
FT422 flash 
256-microfarad 
2000-volt 


of two General Electric tubes 


means 
across a 


harged 


Each tube was 


| al 


connes ted 
capicator DANK ‘ 


by a 


which was « 
power supply 
The linear accelerator was operated at a repetition 


rate of 15 pulses per second. Each pulse was 600 usec 


long. Synchronization with the cloud chamber equip- 


ment was effected by means of the linear accelerator 


equipment pulse, which preceded the beam by about 


20 usec. The cloud chamber control sequence operated 





magnetic field, fast expansion, clearing field, and 
lights. The timing of the fast part of this sequence was 
recorded on paper tape with marks for chamber bottom 
The beam was brought 


equipment pulse and lights 


into the chamber four milliseconds after the piston hit 
bottom and the lights were flashed 33 milliseconds after 
the beam. At the } 
accelerator beam was turned on to permit the operator 


to adjust for maximum beam. A pneumatically operated 


end of the fast sequence the linear 


lead shutter prevented the beam from entering the 
chamber during this time. Two slow expansions were 


waiting period of 50 seconds until 


used, followed by a 
the beginning of the next cycle 


ANALYSIS OF THE DATA 


ypment, the film was scanned under a 
and all 


appeared to consist of three or more concurrent tracks 


After devel 


high-power steroscopic viewer, events that 


were listed. A sketch of the appearance of each event 
The 


which duplicated 


Im was then put in the projection 
the the 
cs and produced full-sized images of 


was made 
apparatus, geometry of 


camera opt the 


tracks on a translucent screen 

Measurements were made of dip angle, azimuthal 
angle, and range or slant radius of curvature for each 
track of the selected events. A correction was applied 


for the change in azimuth as the beam traversed the 
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chamber. Density of ionization and characteristic 
endings were used to identify the particles. The errors 
in each type of measurement were investigated; a 
complete discussion can be found elsewhere.'® All the 
selected events were read twice, and where discrepancies 
greater than the expected errors were noted, the film 
was read a third time. 

The measured data, the assumed identity, the mag- 
netic field, and the range-energy relation for the gas'® 
were used to calculate the energy and the rectangular 
of momentum for prong of the 
selected events. Also, the errors in these quantities 
were calculated by propagation of the errors of meas- 
urement, assuming the latter to be independent. The 
error calculation was done to obtain a quantitative 


componertts each 


acceptance criterion for the events. 

Each event read was identified as a three-, four-, or 
five-prong event according to the number of visible 
prongs. In order to separate those events caused by the 
C"*(p,p')3a reaction from all the three-, four-, and five- 
prong events read, the following identification procedure 
was used. The events of interest consist of four prongs; 
one (the proton) is lightly ionizing and the other three 
(the alpha particles) have much greater ionizing power. 
Furthermore, the total energy of the event is equal to 
the beam energy less the reaction energy, and the total 
momentum is equal to the incident momentum. Of 
course particle identification may sometimes be uncer- 
tain because of chamber condition or because the prong 
has a range of less than about 3 cm 

There were seven five-prong events consisting of a 
proton and four alpha particles, which were identified 
as examples of the O'*(p,p’)4a reaction in the oxygen 
present in the water vapor. The total prong energies of 
were consistent with 
was 


each of these events (~14 Mev) 
the identification, and the 
satisfactory. The alpha prongs were short, about 3 to 
4 cm, so that one could easily be hidden by the opaque 
Therefore, those four-prong events 
which did not balance in longitudinal momentum and 
for which the total energy was about 14 Mev had to 
be investigated for the possibility that they were in 
fact oxygen events with the fifth prong hidden by the 
beam. 

Among the four-prong events there were some that 


momentum balance 


region of the beam 


did not have the proper appearance. They had two 
lightly ionizing prongs. These events were investigated 
in the high-power stereoscopic viewer, and most of 
them were identified as the overlap of two elastic p-C 
scatters. In the five remaining events, one of the two 
lightly ionizing prongs was discarded and the event 
was calculated as a three-prong event. Subsequent 
calculations disposed of three of them. 

The remainder of the four-prong events, 211 in all, 
were tested for energy and momentum balance to 


John L. Need, University of California Radiation Laboratory 
Report UCRL-2806 (unpublished 
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determine whether they were the C"(p,p’)3a reaction. 
Where the identification of one or more prongs of an 
event was in doubt, that choice of identity was made 
which gave three alphas and one proton together with 
the smallest deviation from momentum balance. 
Furthermore, if the momentum balance could be im- 
proved by interchanging the particle identities of two 
of the prongs of an event, it was done. All the identities 
obtained by this requirement of best momentum balance 
were checked in the high-power stereoscopic viewer by 
another observer, and if the ionization did not check 
with the identity chosen, the event was not accepted. 
Only two events where the identity of two particles 
had been interchanged were accepted. Of those events 
where the initial particle identification was uncertain, 
eight were accepted. 

Of the 211 events with four prongs visible that were 
assumed to be carbon events, 135 were accepted after 
the first balance. The remainder of the events were 
examined to see if any of them could be identified as 
oxygen events. A fifth prong was fabricated which 
balanced the momentum. The requirements for accep- 
tance as an oxygen event were that this prong be 
directed into an invisible portion of the chamber and 
that the total energy of the event be about 14 Mev. 
Ten events met these requirements. The total number 
of oxygen events (17) is in agreement with the number 
expected from the amount of oxygen present in the 
chamber. 

One event was identified as a C'(p,d)3a reaction. 
The deuteron track had a radius of curvature equal to 
that of the beam, but with a density of ionization three 
times that of a beam proton. When it was identified 
as a C® event, the total energy was greater than the 
beam energy; but when it was identified as a C® 
event, the total energy was correct. Two other events 
were identified as possibly due to this reaction. 

Those events left over, i.e., those not identified, 
were re-examined under the high-power stereoscopic 
viewer with the data cards at hand. More detail was 
visible in the viewer than was visible on the projector 
because a greater intensity of illumination was avail- 
able. Each event was examined carefully to see if any 
reason could be found either to discard it or to adjust 
the data so that it would become acceptable. These 
reasons included excessive turbulence, possible overlap 
of two events, improper choice of the fourth prong 
when more than four prongs came from the same 
region, and a scatter that could change the measure- 
ment of the radius of curvature. Further, the cards 
were re-examined to see what adjustments were neces- 
sary to bring the event into balance. Forty events were 
discarded for one or more of the above reasons, but 
there were 23 that had the appearance of being good 
events. So that personal prejudice could be avoided, 
these events were reread by another member of the 
group. The result of this final examination was that 
only 5 of the events became acceptable. Of the others, 
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15 had momentum deviations that were outside the 
acceptable limits but still within twice these limits, 
i.e., they were probably true C'"(p,p’)3a events rejected 
by the acceptance criteria. 

The four-prong events were accepted on the basis of 
momentum and energy requirements. For each event 
the X, Y, and Z components of the total momentum 
were found. Properly, the X and Y components of the 
total momentum should have been zero and the Z 
component equal to the momentum of the incident 
proton (2.70 in the units used). An event was not 
accepted if the deviation from the proper value of any 
one of the three components of the total momentum 
was greater than the sum, over the prongs of the event, 
of the errors in that component. Further, those events 
were rejected for which the total energy differed from 
21.6 Mev by more than the sum of the errors in the 
prong energies. (This value is equal to the beam energy 
less the reaction energy of 7.4 Mev for the C—3a 
reaction.) The simple sum of the errors was used, 
rather than the correct square root of the sum of the 
squares, for the sake of ease in computation. The 
simple sum lies between one and two times the value 
of the square root of the sum of the squares, and was 
considered to be a satisfactory criterion for selection. 

For each of the 138 events with three visible prongs 
a fourth prong was fabricated to give perfect momentum 
balance. The events were accepted when the following 
requirements were met: (a) the deviation from 21.6 
Mev of the sum of the energies of the four prongs was 
less than twice the sum of the errors in the energies of 
the three measured prongs; (b) the fabricated prong 
was directed into an invisible region of the chamber; 
and (c) the invisible particle was chosen so that the 
event had one proton and three alpha particles. Those 
three-prong events which met the energy requirement, 
60 in all, were then examined under the high-power 
stereoscopic viewer to determine whether the prongs 
would or would not have been visible were they at the 
angles computed. Forty-six were accepted as bona fide 
C"(p,p’)3a events, since the fourth prong, as calcu- 
lated, could not have been seen. 

Because of the greater visibility into the opaque 
region when the film was viewed on the stereoscopic 
viewer, there were 14 additional events for which the 
fourth prong was found where computed. In six of 
these cases only the angles of the fourth prong could 
be read ; it was impossible to make a reasonable estimate 
of the momentum. The momentum was chosen to give 
the minimum value of the sum of the deviations from 
momentum balance. For the remaining eight events it 
was possible to get all the measurements on the fourth 
prong and therefore these eight events were then con- 
sidered as four-prong events. They were all acceptable. 
Of the three-prong events that did not meet the energy 
requirement, the great majority had an energy around 
15 Mev. However, no further attempt was made to 
identify them. 
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The indicated errors are the statistical standard « 
rhe total number of events accepted was 200. One 
hundred and forty-eight of them had ail four prongs 
the 


visible; the other 52 had three prongs visible and 


fourth calculated to be in the invisible region of the 
In order to check whether the 
© 


events that were accepted had the same characteristics 


chamber three-prong 


as the four-prong events, the 


average value of total 
energy of an event was determined for each group. The 
average total energy) was 21.9 
Mev and that ol a three prong event was 21 7 Mev, 
However, 


ot a tour prong event 


which is in good agreement some 


very 
differences between the two groups did show up later 


in the investigation. There were very few events among 
the three-prong group that had a high-energy 


only three out of 52, as compared to 
Also. the proportion 


part i¢ 
ol 148 tor tne 
of three-prong events decreased for higher 
g0 


lour-prong events 
excitation 


energies in with 32+ 7 percent in the to 1/.0- 


Mev group and 21+5 percent above that 


The shorter a track, the larger the solid angle for 


1 


which it would be hidden by the beam; and these 


shorter tracks would be produced in the events where 
the proton or one alpha particle took away most of the 


energy 


Also, in an event with a high-energy alpha 
, 
| 


particle, the transverse momentum required to balance 
angles 


the event would place the short tracks at large 


to the beam. Because of these considerations, and the 
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fact that the various energy distributions did not show 
any significant differences between three- and four- 
prong events, all events were treated together. 


RESULTS 


The first possibility to be checked was that of a direct 
four-particle breakup of the N™* compound nucleus. 
This was done by plotting the energy distribution of 
the alpha particles in the center-of-mass system. The 
transformation to the center-of-mass system was carried 
out with the assumption that the incident proton had 
an energy of 28.9 Mev. The beam energy was deter- 
mined by measuring the radii of curvature of the tracks 
of individual protons in pictures that contained only a 
If the reaction goes by way of a four- 


few tracks 


Fic. 3. An event in which the ground state of Be* was involved. 
The two alpha particles below the beam were produced by the 
decay of the Be® intermediate nucleus 


particle breakup, then the distribution in energy of 
the alpha particles is given by 


dN/dE= E*(Emax— E)’, 


the maximum energy available to a 
single alpha particle in the breakup. This curve, 
normalized to the total number of alpha particles, 
together with the experimental energy distribution, 


As can be seen, the agreement is 


where E...x iS 


is shown in Fig. 1 
not very good, and it was concluded that the great 
majority of events proceeded by some other mechanism. 

Next, the possibility that Be®* was involved as an 
nucleus in any of the reactions 
investigated. For those events in which the reaction 
proceeded via Be™, two of the three alpha particles 
were produced in the breakup of the Be™. The vector 


intermediate was 
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that connects their end points is a direct measure of 
the excitation energy (E*) of the Be™. Since it is not 
known which two of the three alpha particles were 
produced in the breakup of the Be™, the calculation 
of E* was done for each of the three pairs of alpha 
particles belonging to each event, according to the 
expression 
E* = (E;— E;)/2—(E,E;)' cos6j;. 


The value (£;E;)* cos@,; is the scaler product of the two 
vectors representing the momenta of the alpha particles. 

If all the events, or an appreciable fraction of them, 
have proceeded via definite levels in Be* there will be 
peaks in the E* distribution corresponding to the levels 
involved. Because only one in three of the E* values is 
significant, the peaks will be superposed on a continuous 
background. The £* distribution for all the events is 
shown in Fig. 2. There are two marked peaks, one at 
0.5 Mev and the other at 3.0 Mev. Of the 51 values of 
E* less than 0.5 Mev, 43 lie at 0.1 Mev. The energy 
available for the breakup of the Be® ground state into 
two alpha particles is 96 kv; therefore the 51 events 
with one E* value less than 0.5 Mev are interpreted 
as having proceeded via the ground state of Be* as an 
intermediate nucleus. Of these 51 values of E* less 
than 0.5 Mev, only one could have arisen from the 
extreme edge of the broad level at 2.9 Mev. Figure 3 
is a photograph of an event that was interpreted in 
this fashion. The two alpha particles below the beam 
are the two produced in the breakup. 

Figure 4 gives the distribution in E* for those 51 
events with one value of E* below 0.5 Mev which have 
been interpreted as having proceeded via the ground 
state of Be*. This group will be referred to in the future 
as the ground-state group. The separation of those 
values of E* greater than 0.5 Mev into two groups 
indicates that the ground state of Be*® is produced in 
at least two types of reactions. The group around 2 
Mev was produced by reactions in which the proton 
carried off most of the energy and which probably 
involved C™ excited to a few Mev above threshold as 
an intermediate nucleus. That group centered at 12 
Mev was produced by events in which most of the 
energy was carried off by one of the alpha particles 
and involved either C" in highly excited states or the 
low-lying states of B’. 

In Fig. 5 the E* distribution for the other 149 events 
is shown. This group will be referred to in the future 
as the three-Mev group. The peak in the distribution 
in the vicinity of 3.0 Mev is interpreted as indicating 
that the great majority of these events went via the 
broad 2.9-Mev level in Be™*. The indication of a 
subsidiary peak in the vicinity of 9.0 Mev is similar 
to that seen by Elder and Telegdi’ in their study of 
the C"(y,3a) reaction with 32-Mev bremsstrahlung. 
Their interpretation was that possibly higher levels of 
Be® contribute to the reaction. The position of the 
peak, however, does not agree with the known levels 
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Fic. 4. Distribution of E* for those events with one 
E* value <0.5 Mev. 


at 7.5 and 10.0 Mev."® Statistical fluctuations could 
account for the presence of this peak. 

Further evidence for the possibility of the involve- 
ment of higher levels in Be** comes from the fact that 
19 events had all E*’s greater than 4.5 Mev, but the 
interpretation of these events remains uncertain. Their 
E* distribution shows a peak at about 6.0 Mev. Of 
these events, 15 are consistent with the C+ p-—-Li' 
+ Be’ reaction. The peculiar nature of these 19 events 
might also be due to errors in measurement; 16 of 
them had one or more alpha particles which had large 
errors because of exceptional difficulty in measurement. 

The next step in the analysis was to consider all 200 
events as though they had proceeded via levels in C®*. 
The excitation energy of the C"(E¢) can be obtained 
in two ways: (a) by adding the energies of the three 
alpha particles in the rest frame of the carbon nucleus 
to the Q of the C'—+3a reaction ; and (b) by subtracting 
13/12 of the proton energy in the center of mass of the 
whole system from the total energy available in this 
center of mass. These two values for the excitation of 
the C nucleus should agree within the errors for those 
events which proceed either through C* or through 
states in B®. The difference between them cannot, 
therefore, serve to differentiate the two types of events. 

For low excitation energies, the three alpha particles 
stop in the gas, and the errors in measuring their 
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Fic. 5. Distribution in Z* for those events with no 
‘caddis E* value <0.5 Mev. 


4 F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955). 
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energies are generally small compared with the error 
in the determination of the proton energy. On the 
other hand, for high excitation energies, the error in 
the proton energy is small compared with the error in 
the sum of the alpha-particle energies. Therefore, three 
plots were made: (a) E.(p), calculated from the proton 
energy; (b) E.(a), calculated from the sum of the 
alpha-particle energies in the C'* rest frame; and 
(c) B., a weighted average of (a) and (b). The values 
of E.(a) and E,(p) were weighted inversely as the 
errors in the laboratory energy, 


: Efa) E.(p) 
pa ( Eo tit) (eZ) 
SAE, AE, SAE, AF, 


A straight average was definitely not correct, and the 
method used had the advantage of being easy to 
calculate. The errors in the lab energies are not the 
same as the errors in the center-of-mass energies, but 
it seemed reasonable to assume that the relative magni 
tude of the alpha-particle and proton errors was not 
drastically changed by the transformation. The E, 
distribution, shown in Fig. 6, was plotted separately 
for the ground-state group and the three-Mev group 
The events were divided into three main groups as 
shown, which were then investigated separately. 
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Fic. 7. The distributions in E,(a) and E* for Groups A; and A>. 


Group A: 8.0< E,<13.0 Mev (42 Events) 


Because all events with £,<11.0 Mev involved the 
ground state of Be®, a further division at 11.0 Mev was 
made. The distributions in E,(a) and E* are shown in 
Fig. 7. The short arrows show the kinematic limits of 
E* and the long arrows show the positions of the peaks 
to be expected. The limits and the locations of the 
peaks were calculated for events that went via appro- 
priate levels in C’* and Be*. The interpretation of these 
distributions is as follows: Group A;—the events pro- 
ceeded via the 9.6-Mev level in C” and the Be® ground 
state in a two-step process; Group A,—the events 
went via the levels in C* in the region from 10.8 to 
12.8 Mev to either the ground or first excited levels in 
Be®, also in a two-step process, with 43417 percent 
having gone via the ground state. 


Group B: 13.0< E.<17.0 Mev (43 Events) 


The values of E, and E* for this group are given in 
Fig. 8, separately for the ground-state and the three- 
Mev groups. The £, distribution is fairly smooth, but 
one might say that the peak at 16 Mev is due to the 
16.1-Mev level in C", which is known to emit alpha 
particles."* The small (7.54+4.5 percent) involvement 
of the Be* ground state in Group B is consistent with 
the C"(y,3a) results* and also the B"(p,a)Be™ data? 
The rest of the events appear to have gone via the 
2.9-Mev level in Be™. 

The assignment of the events in Groups A and B as 
proceeding via levels in C®* is fairly certain. In Group 
A, all the alpha-particle energies in the center-of-mass 
system lie within the kinematic limits. For Group B, 
four events (out of 43) have alpha particles with 
energies that lie above the kinematic limits; however, 
the errors in the energies overlap the limit sufficiently 
to account for these. Were these higher-energy alpha 
particles produced directly in (p,a) reactions, they 
would correspond to B® produced in excited levels 
around 9 to 11 Mev. It is impossible to say that these 
four events are not produced in this fashion. 

The events in these two groups were also examined 
to determine whether they could have been produced 
by the C"+p-Li'+Be® reaction. Only three events 
(out of 85) could be so interpreted; one of these fits 
the Li® reaction better than the C™. Further, all events 
in the Groups A and B had one E*<4.5 Mev, so that 
they are consistent with transitions either through the 
ground state or the first excited level of Be’. 


Group C: 17.0<E, (115 Events) 


The situation with respect to Group C is more 
complex. In addition to the C® events, the low-lying 
levels of B® can give E, values in this group as will the 
C®+ p—-Li'+ Be* reaction. Figure 9 shows the distri- 
bution of proton energies and the EZ, distribution for 
all events in Group C plotted so that corresponding 





MECHANISM OF REACTION C'!!4+9—-p+3a 


energies lie at the same abscissa. Three subgroups, as 
shown, were chosen. The cross-hatched regions show 
the distribution for the ground-state group. Both 
distributions show evidence of level structure at C™* 
with levels at 20 and 25 Mev. 

Strauch and Titus'’ report a level at 20+1 Mev 
produced by inelastically scattered protons of 96-Mev 
bombarding energy. Hecht'* reports a level in the 
vicinity of 19.5 Mev, seen in inelastic scattering of 
32-Mev protons. It seems possible that the level at 
20 Mev found in this work is the same level reported 
by these workers. 

A resonance at 1 Mev in the B'(d,v)Be® reaction 
has been reported by Whitehead.” This corresponds to 
a level in C" at an energy of 26.3 Mev. Transitions to 
both the ground state and the first excited level in Be* 
were seen, the ground-state transitions occurring in 
about 25 percent of the cases. If all the events in 
Group C; are assumed to belong to the resonance, it 
follows that 27+-10 percent went via the ground state. 
The level at 25+1 Mev seen in this work may possibly 
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be identified with the level reported by Whitehead, 
or it could be the level seen by Goward and Wilkins*® 
at an energy of 25.6 Mev, which decays by a emission. 

The energy resolution and statistics of this experi- 
ment are insufficient to separate Group C, into any 
definite levels. 

To determine the modes of decay of these levels in 
C®, distributions in E* were made for each subgroup 
separately. The statistics were poor, however. There- 
fore the total E* distribution for all the events in 
Group C was plotted. It is given in Fig. 10. The long 
arrows show the positions of the expected peaks and 
the short arrows the limits of the continuum. These 
locations were calculated on the assumption that the 
events were due to C” levels and went via either the 
2.9-Mev level or the ground state of Be*. The experi- 
mental results agree very nicely for the ground-state 
group. In the three-Mev group, however, the agreement 


17K. Strauch and F. Titus, Phys. Rev. 94, 785 (1954). 
18 G. Hecht (private communication). 
*W. D. Whitehead, Phys. Rev. 82, 553 (1951). 
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is not so good. The peak at 3.0 Mev does not account 
for enough of the events. It would seem surprising if 
none of the events went via the 2.9-Mev level, in view 
of the fact that the ground state participated. From 
the height of the distribution at 3.0 Mev it is estimated 
that between one-third and one-half of the events in 
the three-Mev group proceeded via the 2.9-Mev level. 
The peak in the vicinity of 8.0 Mev is compatible with 
statistical fluctuations, but it might become more 
definite with more data. If it is considered to be real 
then it can be interpreted as indicating that higher 
levels in Be**, possibly the 7.5- and 10.0-Mev levels, 
participated in the reaction from these high levels in 
C™. All 19 of the events with all Z* values greater than 
4.5 Mev are included in this distribution. The possi- 
bility of three-particle breakup is not excluded, and 
this mechanism could account for as much as one-third 
of the events in the three-Mev group of Group C, 

The above analysis of Group C has been carried out 


‘on the assumption that C” levels participated in all 


the events. It is known" that the C"(p,a)B* reaction 
occurs at 18-Mev bombarding energy, and it is highly 
unlikely that it does not occur with 29-Mev protons; 
therefore the assumption that all events proceeded via 
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levels in C” is probably not justified. The conclusions 
about the proportion of events that proceeded via 
levels in Be* made from the E* distribution, however, 
are not changed. The shape of the E* distribution is 
chiefly determined by the Be* levels involved, and is 
oniy slightly dependent upon the nucleus from which 


the Be* was formed. 

In order to analyze the data for evidence of the 
C"(p,a)B* reaction, a plot was made of the energy 
distribution of the most energetic alpha particle from 
each event in Group C. Figure 11 presents the results. 
The distribution shows evidence for groups at 13 and 
10 Mev, which correspond to the ground state, and a 
level at 4 Mev. There is no evidence for the known 
level at 2.4 Mev (which would appear at an alpha- 
particle energy of 11.5 Mev); however, the statistics 
are not good and the energy resolution is about +1.5 
Mev 

As a further examination of the levels of the B® 
reaction, a transformation to the B* rest frame was 
carried out for all the events in Group C. The transfor- 
mation was effected by adding 4/9 of the velocity 
components of the most energetic alpha particle to the 
velocity components of the other three particles. Then 
the energies of the proton and the two alpha particles 
in the B® rest frame were determined. The sum of 
these energies was plotted against the energy of the 
most energetic alpha particle. Only those events which 
fell within 1.5 Mev in E, of the expected line were 
considered. On the basis of calculations, all the events, 
whether they proceeded via C" or B’, should lie in 
this region of acceptance. The grouping in evidence in 
Fig. 12, however, would come about only if some of 
the events proceeded via B® levels. The combination 
of the peaks in the energy spectrum of the most energetic 
alpha particles, together with the grouping in Fig. 12, 
gives good evidence for the participation of B® levels 
in the reaction. The position of the second group in 
Fig. 12 is at 3.5+1.0 Mev. This corresponds to an 
excitation energy of 3.2+1.0 Mev for the B®, which is 
in better agreement with the value of 2.4 Mev for 
the known level 

The question still remains as to the decay mechanism 
of the B®. The five events in the B® ground-state group 
have one value of E* less than 0.5 Mev. However, 
there is only 0.28 Mev available for the breakup of the 
ground state of B® into two alpha particles and a 
proton, so that even if the breakup went directly to a 
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proton and two alpha particles there would be one 
value of E* less than 0.5 Mev. Thus, the fact that 
these five events have such a value of E* is not neces- 
sarily an indication that Be*® in the ground state was 
involved. Of the twelve events in the second group in 
Fig. 12, six have one value of E* less than 0.5 Mev. 
There is about 3.5 Mev available for the breakup from 
this level, and the presence of one value of E* less than 
0.5 Mev for an event is good evidence that the Be® 
ground state was involved in the reaction. The other 
six events in this group are consistent with decay 
through the 2.9-Mev level of Be®. 

The last point to be examined is the possibility of 
the p+C"—Be*+Li* reaction. This is a two-body 
reaction, and therefore the energy of the Be* in the 
center of mass will have one of several unique values, 
depending on the states in which the Be* and Li® are 
formed. Only the ground state and the 2.5-Mev level'® 
of Li® are accessible with the energy available. The 
energy of the Be* in the center of mass is given by 


Epe= Eait+Eaj—Ei;* 


(that is, the energy is the sum of the kinetic energies in 
the center-of-mass system of the two alpha particles 
produced in the Be*® decay minus the Be® excitation 
energy). A more convenient value to calculate is the 
relative energy of the Be’, eg.. It is given by 


éne= (E,+E;— E;;*)/(19.2—E,;*). 


The value 19.2 Mev is the kinetic energy available to 
the Li' and Be* when they are both formed in their 
ground states. For the ground state of Li® the eg, values 
lie between 0.87 and 0.92, and for the 2.5-Mev Li‘ 
level, between 0.72 and 0.78. The proper choice of the 
two alpha particles produced in the Be* decay for each 
event has been facilitated by the E* determination. 
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Fic. 12. Selected events plotted with the energy of the most 
energetic alpha particle of each event as abscissa and the sum of 
the kinetic energies of the proton and the other two alpha particles 
in the B® rest frame as ordinate. 
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The calculation of es. was carried out for all events. 
For those events in the ground-state group the pair of 
alphas which produced the low value of E* were 
chosen. For the other events, each pair that produced 
an E* between 1.5 and 4.5 Mev, or, if none, then that 
pair which gave the lowest E* value, was chosen. 
Only three events (out of 85) in Groups A and B could 
have proceeded in this fashion. For Group C there are 
49 that are consistent with the Li’ possibility. The ep. 
distribution from the events of Group C is given in 
Fig. 13. When there were two eg. values for an event, 
the choice was made in a predetermined random 
fashion. Also shown in the figure (dotted line) is the 
€ne distribution to be expected from the events of 
Group C if they go via C” in the proportions determined 
above, normalized to the same number of events. The 
agreement between the two curves is excellent. The 
experimental peak at 0.65 Mev is below the peak at 
0.75 expected for the Li** reaction, and there is no 
evidence for a peak around 0.90 that would be produced 
in the Li® ground-state reaction. Therefore, there seems 
to be no evidence for any large contribution to the 
events from this reaction, with at most five percent of 
the events having been produced in this fashion. 


SUMMARY 


It was confirmed that both the ground state and the 
2.9-Mev level of Be*® were involved as intermediate 
nuclei in the reaction. The possibility of the participa- 
sion of higher levels was not excluded. About one-fourth 
of all events proceeded via the Be* ground state and a 
minimum of one-half by way of the 2.9-Mev level. 

Definite evidence for the participation of levels in 
C” was seen. Levels were identified at 9.6, 16, 20, and 
25 Mev. The 9.6-Mev level went only to the Be® 
ground state. Those levels in the vicinity of 12 Mev 
decayed to either the ground state or the 2.9-Mev level 
of Be® with equal probability. For the levels between 
13 and 16 Mev, less than five percent of the events 
went to the Be® ground state and the rest were con- 
sistent with transitions through the 2.9-Mev level. The 
decay mechanism of the 20- and 25-Mev levels is 
uncertain because any given event could equally well 
be interpreted as having proceeded in any of several 
ways. However, if we assume that these events did go 
via these two levels in C”, then 16+9 percent and 
27+10 percent respectively for the 20 and 25-Mev 
levels decayed into the Be* ground state. It was esti- 
mated that between one-half and one-third of the 
remaining events assigned to these levels in C” pro- 
ceeded via the 2.9-Mev level in Be™*. The mechanism 
of the remaining events was undecided, with a good 
possibility that the 7.6-Mev level in Be*® was involved 
in some of them. 

For the one event identified as C"(p,d)3a, the 
analysis was consistent with the following reaction 


OF REACTION C!#4+p+p+3a 
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scheme: 


C(p,d)C* (excited to the 9.6-Mev level), 


C"*—+Be®+a (ground state), 


Be*— 2a. 


The investigation of the possibility of the B® reaction 
showed that the ground state and the first excited state 
of B® were produced and decayed into two alpha 
particles and one proton. The mechanism of the decay 
of these levels was undecided though all the events were 
consistent with the participation of either the ground 
or 2.9-Mev levels of Be’. 

In the C®+ p-Li'+ Be* reaction it was found that 
although 52 of the events, 49 of which were in Group C, 
were consistent with this reaction, the distribution in 
relative energies of the Be* nuclei was fitted quite well 
by the distribution to be expected from the events 
when they were considered as having proceeded via 
levels in C”. It was estimated that this reaction could 
account for no more than five percent of the events. 

The mechanism C"(p,p’)C'* with the subsequent 
decay of the excited C" into three alpha particles has 
been confirmed as the principal mode of the reaction 
C"(,p’)3a. Emission of an alpha particle from the C” 
excited levels to either the ground or 2.9-Mev levels in 
Be* is favored over direct tripartition into three alpha 
particles. The reaction may also go via the mode 
C*(p,a) B® with at least the ground and first excited 
states of B® participating. Here, also, Be* is formed as 
an intermediate nucleus. 

For the excited levels of C® the modes of decay are 
in agreement with the data from photodisintegration 
experiments.”* The fact that no events were seen 
corresponding to the 7.6-Mev level in C” can be 
explained by the results of the inelastic scattering of 
32-Mev protons by carbon,"* in which the number of 
protons corresponding to the 7.6-Mev level was very 
much smaller than the number from the 9.6-Mev level. 
This result was also seen at 96-Mev bombarding 
energy.'7 
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Experimental data for these two reactions in the low-energy region from 64 to 954 kev (center-of-mass 


have been analyzed assuming only (1 


entrance chanr 


a well-defined nuclear surface, (2) charge symmetry, and (3) a single 
el. The one-level resonance formula was not used in this work. The results indicate consistency 


over the entire energy range between experiment, the hypothesis of charge symmetry, and basic assumptions 


of reaction theory 

ECENT experiments on the H*(d,) He‘ reaction'~* 

and the He*(d,p)He* reaction*-* have shown that 
both reaction cross sections have a maximum in the low- 
energy region (near 65 kev and 260 kev, respectively’ 
Beyond about 300 kev the two excitation curves appear 
to merge. The experimental data have been fairly well 
fitted by means of the one-level resonance formula.*-*’ 
However, the reduced entrance widths for the two 
reactions were found in reference 6 to differ by a factor 
of 14, a result grossly at variance with charge sym- 
metry. This discrepancy has been traced to the neglect 
of an alternative set of dispersion formula parameters.* 
When the proper sets of parameters for the two re- 
actions are compared, it is found that the reduced 
entrance widths, as well as the reduced exit widths, 
differ by less than 50 percent.* The cross section data 
beyond 400 kev are not well fitted by the dispersion 
formula. 

In this note, we report a theoretical analysis of the 

same data in which the one-level dispersion formula is 
not used and the expansion of the logarithmic derivative 


! Baker, Holloway, King, and Schreiber, Atomic Energy Com- 
mission Declassified Report AECD-2226, 1948 (unpublished 

? E. Bretscher and A. P. French, Phys. Rev. 75, 1154 (1949) 

*D. L. Allen and M J. Poole, Proc. Roy. Soc. (London) 204, 
488 (1951) 

* Argo, Taschek, Agnew, Hemmendinger, and Leland, Phys 
Rev. 87, 612 (1952 

* Conner, Bonner, and Smith, Phys. Rev. 88, 468 (1952). 

* Bonner, Conner, and Lillie, Phys. Rev. 88, 473 (1952). 

7 Yarnell, Lovberg, and Stratton, Phys. Rev. 90, 292 (1952). 

* Arnold, Phillips, Sawyer, Stovall, and Tuck, Phys. Rev. 93, 
483 (1954) 

*W. E. Kunz, Phys. Rev. 97, 456 (1955) 

* All energies in this paper refer to the center-of-mass system. 


about a resonance energy is not made. We have assumed 
(1) a well-defined nuclear surface at which the internal 
(nuclear) and external (Coulomb) wave functions are 
joined in the usual way, (2) charge symmetry, and (3) a 
single entrance channel. In accordance with assumptions 
(1) and (3), the reaction cross section can be expressed 
in terms of the real and imaginary parts of the dimen- 
sionless logarithmic derivative of the radial wave func- 
tion at the nuclear surface f(£) :"-" 


—4s, Imf 
o,, = (214-1) gh? -— (1) 


(Ref—A,)*+ (Imf—s,) 


where s;(E) and A,(E) are defined in reference 11 and g, 
is a statistical weight for channel r. We attempt to 
determine f{(£) from experiment. The assumption of 
charge symmetry is formulated as follows: the real and 
imaginary parts of f are the same for the mirror re- 
actions at corresponding energies and corresponding 
channel radii. There is then but a single function f(£) 
for both reactions, neglecting the effect of Coulomb 
forces on the internal wave functions and also the differ- 
ence in the exit channel penetrabilities (Q~18 Mev). 
The channel radius R defining the nuclear surface is 
assumed to be the same for both reactions. The incident 
energy” for the first (H*’+H*) reaction, £,, should 
correspond to a slightly higher energy for the second 
(He*+H?) reaction, E:, because of the difference in 
Coulomb forces. Thus f(E.)=/(E£,) and E,=E;+e 


"J. Blatt and V. Weisskopf, Theoretical Nuclear Physics (John 
Wiley and Sons, Inc., New York, 1952), p. 334 
2 Feshbach, Peaslee, and Weisskopf, Phys. Rev. 71, 145 (1947). 








MIRROR REACTIONS 


where ¢ is positive and assumed to be constant. 
A possible criterion for corresponding energies is that 
they lead to equal excitations of the compound nuclei 
He’ and Li*. Because of the uncertain energies of the 
unstable ground states of these nuclei, no quantitatively 
accurate estimate of ¢ can be given on this basis: « may 
be zero or as large as 400 kev. Another criterion is that 
of equal velocities at the nuclear surface. We have 
treated ¢ as an adjustable parameter. Calculations were 
made for e=0 (equal incident energies) and «= 200 kev 
(given by the second criterion for R=7X10-" cm). 

The third assumption is that only one entrance 
channel contributes to the reaction at low energies 
where the angular distribution is isotropic. Neglecting 
possible incident P; and D, states, the choice is between 
*$;—*S, and *S;—*D,, of which the former is excluded 
as the sole reaction mechanism because the theoretical 
maximum is less than the experimental peak cross 
section for both reactions.*.’ The g, value for “S;—*D, 
was inserted in Eq. (1) and s; and A; were computed 
from tables of Coulomb wave functions"* and checked 
by a formula of Flowers." The experimental cross 
sections of the two reactions at corresponding energies, 
when introduced into Eq. (1), give two simultaneous 
equations for the unknowns Ref and Im/. The locus 
defined by a given value for either cross section is a 
circle in the (Ref, Im/f) plane; if the pair of circles 
failed to intersect, we estimated the alterations in both 
cross sections needed to bring about tangency. The 
experimental data from 64 kev to 954 kev" have been 
analyzed for two values of « and two values of R. The 
values chosen for the reaction radius were 7X 10-" cm 
and 4X10-" cm. The most plausible value for R is 
about 510-" cm (mean deuteron radius 2X10-" 
+mean triton radius 110~%+-interaction distance 
2x10-*). 

Of the four possible cases the only one which revealed 
a disagreement outside the indicated limits of experi- 
mental error was for e=0 and R=7X10-" cm. Non- 
intersecting loci were found below 128 kev; at 96 kev 
a 20 percent decrease in o(H*) together with a 40 percent 
increase in ¢(He*) brings the circles to tangency. In the 
other three cases, intersections were found at nearly 
all energies (at one or two points alterations of the cross 
sections by about 15 percent were needed). The best 
agreement was found in the two cases with R= 4X 10-" 
cm; however all three cases are compatible with the 
experimental data at all energies in the specified range. 

4 Bloch, Hull, Broyles, Bouricius, Freeman, and Breit, Revs. 


Modern Phys. 23, 147 (1951). 
“4 B. H. Flowers, Proc. Roy. Soc. (London) 204, 503 (1951). 


H#(d,n)He* 


AND He'(d,p)He* 1367 
It is to be noted that the agreement extends over a 
greater energy range than the dispersion formula fit 
(by a factor of two); however there is clearly more 
freedom in the present method of analysis. Deviations 
from isotropy in the angular distributions at higher 
energies’ indicate the appearance of other channels. 
The calculations were not extended into this region. 

Values of Ref and Im/ are determined by the points 
of intersection; however the uncertainties are large in 
every case. Since the reaction cross section cannot be 
negative, it follows that Im/f<0 for all energies. This 
condition was met at all intersection points in the above 
three cases of satisfactory agreement. The values of Ref 
obtained in the three cases are consistent with a negative 
slope of Ref vs E over the entire energy range ; however 
the uncertainties in the f values are so large that a posi- 
tive slope over a small part of the range would not be 
excluded by the present analysis. No well-defined curves 
of Ref vs E or Im/ vs E can be obtained by this method 
from existing data. In all of the above cases Ref is 
negative and small at the lowest energies. The formal 
resonances, defined by Ref=0, appear to occur at 
negative energies for both reactions. 

The elastic scattering of deuterons by H* and He’ 
nuclei would provide additional data for testing the 
adequacy of the theoretical analysis. The scattering on 
H® has not yet been investigated for these energies. 
Deuteron scattering on He*® has been measured from 
E= 230 to 340 kev" without indicating a resonance’; 
it would be of interest to have these measurements 
extended over a greater energy range. A weakly com- 
petitive reaction to the one studied here has been 
recently discovered'*; a radiative capture of deuterons 
in He’ with a maximum near 270 kev." 

The calculations described here complement the 
treatment of the cross-section data by means of the 
dispersion formula‘*; essentially the same results are 
found by different methods of analysis, the one pre- 
sented here being somewhat more general since the 
linear approximation is not made. Although no serious 
doubts are entertained concerning the charge symmetry 
of nuclear forces, the application of nuclear reaction 
theory to reactions involving the very lightest nuclei is 
open to question. The results obtained here and in 
reference 9, covering the energy region up to about 
1 Mev, indicate consistency of the experimental data 
with the hypothesis of charge symmetry and with basic 
assumptions of reaction theory. 


4G. Freier and H. Holmgren, Phys. Rev. 93, 825 (1954). 
* Blair, Hintz, and van Patter, Phys. Rev. 96, 1023 (1954). 
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The T(p,7)Het reaction has been studied over the proton energy range 0.1 to 6.2 Mev, by detecting the 
gamma rays with a sodium iodide scintillation counter. The 90° excitation function rises to a maximum 
in the region of 4 to 5 Mev and drops off slightly at higher energies. The angular distribution, measured at 
four energies, shows that in addition to the sin distribution previously reported there is a small asymmetry 
about 90° of the form sin’? cos#, which increases with proton bombarding energy. This asymmetry has been 
studied over the entire energy range. Absolute yield measurements of the reaction give a‘90° differential 
cross section at 1 Mev at 3.65X 10-™ cm!" per steradian, which is considerably lower than has been previously 


reported 





I, INTRODUCTION 


HE capture of protons by tritons to form Het 

leads to capture radiation with an energy above 
19.8 Mev. The reaction cross section, the yield curve, 
and the angular distribution of the gamma rays are of 
interest. Theoretical interpretation of the experimental 
results should yield some information on the properties 
of the interaction states, and should give evidence on 
the radius of the alpha particle and its wave function. 

Since the discovery' of this reaction several experi- 
ments covering various aspects of the reaction have 
appeared in the literature. Rochlin,? using a magnetic 
pair spectrometer, measured the energy of the gamma 
ray and stated that it was probably monoenergetic. 
However, other features of the reaction have been 
obscured by divergent experimental results. The shape 
of the yield curve as a function of proton energy has 
been in doubt.'4~* There has been serious disagreement 
in the absolute cross section of the reaction,'?*.7? and 
the angular distributions have been inconsistent.'*:’ 
The possibility of a narrow excited state’ of He‘, as 
exhibited by this reaction, does appear to have been 
ruled out.-+-* 

An approach to predicting the characteristics of the 
T(p,y) reaction has been made by calculating the 
photodisintegration of He‘, and applying the principle 
of detailed balance.** Comparison of theory with ex- 
periment has been difficult because of the uncertainty 
of the available experimental data. Recent experimental! 


* Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

1 Argo, Gittings, Hemmendinger, Jarvis, and Taschek, Phys. 
Rev ary (1950) 

*R. S. Rochlin, Phys. Rev. 84, 165L (1951) 

*C. E. Falk and G. C. Phillips, Phys. Rev. 83, 468L (1951) 

‘J. E. Perry, Jr. and S. J. Bame, Jr., Phys. Rev. 90, 380A 
(1952). 

*R. W. Birge and J. Jungerman, University of California 
Radiation Laboratory Report, UCRL-2109, February, 1953 (un- 
published). 

* Willard, Bair, and Kington, Phys. Rev. 90, 865 (1953). 

7 J. B. Warren and G. M. Griffiths, Phys. Rev. 92, 1084(A) 
(1953). 

* B. H. Flowers and F. Mandl, Proc. Roy. Soc. (London) A206, 
131 (1951). 

* J. C. Gunn and J. Irving, Phil. Mag. 42, 1353 (1951) 


results of He*(y,p)T obtained by Fuller" agree with the 
results of this paper within the experimental errors. 
The combined results of both experiments agree with 
the general predictions of the theory. 

The salient features of this experiment are that the 
reaction occurred in a tritium gas target and that the 
gamma rays were detected by sodium iodide scintillation 
counters. Throughout the experiment it has been 
assumed that only transitions to the ground state of 
He* have been measured. 


Il. EXPERIMENTAL DETAILS 


General features of the experimental arrangement 
are shown in Fig. 1. An analyzed beam of protons from 
an electrostatic generator entered the target of tritium 
gas through a thin window of 0.05-mil nickel or 0.2-mil 
aluminum foil. The reaction gamma rays were incident 
along the axis of a cylindrical NaI(T1) scintillation 
counter. Various crystals were used, with the dimensions 
given in Table III. The differential pulse height dis- 
tribution from the crystal was observed with a multi- 
channel pulse height analyzer (Los Alamos Model 100)," 
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Fic. 1. Schematic drawing of the experimental arrangement. 
For angular distributions the Nal crystal was rotated about the 
middle of the gas target as a center. 


® E. G. Fuller, Phys. Rev. 96, 1306 (1954). 
"C. W. Johnstone, Nucleonics 11, 36 (1953). 
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and served as the basis for computing the gamma-ray 
yield. Throughout most of the experiment a Los Alamos 
Model 250 preamplifier and a 250 amplifier were used. 
A model 500 pulser served to check the amplifier 
linearity and to calibrate the pulse-height scale of the 
analyzer. The photomultiplier voltage was provided by 
# well-regulated supply, and the over-all gain of the 
system was frequently checked with a Cs"*’ radioactive 
source. 


Ill. ABSOLUTE DIFFERENTIAL CROSS SECTION 
AT 90° AND 1 MEV 


Seven determinations of absolute 90° differential 
cross section were made at various energies below the 
neutron threshold of the reaction T(p,n)He*. These 
were made at different times throughout the course of 
the experiment, with slightly differing geometries, dif- 
ferent samples of tritium, and different NaI counters. 
The results are presented in Table I. Values in column 
three are cross sections for the reaction at 1 Mev, extra- 
polated from the foregoing data in accordance with the 
shape of the 90° relative yield curve (see Sec. IV and 
Fig. 3). 

The average value of the differential cross section" 
for the T (p,7)Het* reaction at 90° and 1 Mev was found 
to be 3.65 10-* cm?/steradian. Since the angular dis- 
tribution of the gamma rays is nearly sin*@ (Sec. V), 
the total cross section of the reaction is very nearly 
8r/3 times the 90° differential cross section, i.e., 
3.05 10-* cm? at 1 Mev. We believe the standard 
errors of these values to be +7% 

Table II contains a list of the sources and sizes of 
error associated with a determination of the absolute 
cross section at 90° and 1 Mev. Various comments per- 
taining to the items of Table II are given below. 

The number of incident protons was measured to 


TABLE I. Differential cross section of the T(~,7)Het* reaction at 
90° and 1 Mev.* 











E, «(90°) x, @ (90°): Mey Crystal length, 
Mev 10°” cm*/sterad 10°” cm?/sterad inches 
0.806 3.036 3.815 3.3 
0.949 3.598 3.802 3.3 
0.751 2.556 3.464 1.5 
0.640 2.505 3.718 3.3 
0.640 2.435 3.613 1.5 
0.732 2.559 3.563 3.3 
0.732 2.500 3.481 1.5 


Average (90°); wev= 3.637 10-™ cm*/steradian. 








* The cross sections were measured at the listed energies (Z») and extra- 
polated to 1 Mev by means of the 90° relative yield curve (Fig. 3) 


#C. W. Johnstone, Los Alamos Report LA-1878, 1955 (un- 
mr meron See also R. J. Watts, Part 9, Institute of Radio 
Engineers National Convention Record, New York Meeting, 
March, 1954. 

40. L. Stone, “ Alamos Report LA-1330, 1953 (unpublished). 
See also reference 1 

“4 Throughout this paper the notation (6) is used to represent 

differential cross section in cm*/steradian. 
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Taste II. Errors in T(p,y)Het differential cross section at 90° 
and 1 Mev. 











Error in 
Item percent 
I. Incident protons, +1% 1 
II. Density of target atoms, +4% 
Target —_ pressure, room temperature 2 
Ts gas ana 3 
Target holing due to beam 1.5 
III. Counter (solid angle) X (efficiency), +3% 
Numerical integration 0.5 
Geometry of counter 1 
Effects of absorption coefficient 2 
IV. Observed gamma count, +5% 
Statistics and extrapolation 5 
V. Energy extrapolation to 1 Mev, +1% 1 
VI. Miscellaneous, +2% 
T: absorbed in target walls 1 
Room-scattered gamma rays 0.5 
Thallium activator in crystal 1 
Conversion in aluminum light reflector 0.5 
Lerror= 20% 
[2 (error)*}}= 47% 








+1% by a current integrator."® The density of target 
atoms was known to about +4 percent. Heating of the 
target gas by the passage of the beam through the 
entrance foil and the gas itself necessitated a correction 
of about 3%+1.5%. The tritium content of the target 
gas was determined by mass spectrographic analysis. 
Five analyses were done for the seven cross-section 
determinations. 

The product (counter solid angle)X (counter eff- 
ciency) was computed by evaluation of the integral 


exp(—yl/cos¢) 
doxett= f = oe udV, 
, r 


where yu is the total absorption coefficient of the gamma 
rays in NaI.'* dV isa volume element located at distance 
r from the gamma source, at angle ¢ from the counter 
axis, and at depth / from the front face of the counter. 
The over-all uncertainty in (solid angle) X (efficiency) 
is considered to be +3%. 

The absorption coefficient 4 appearing in the integral 
is based on the total interaction cross section per 
molecule of NaI. With this basis an absolute yield of 
gamma rays can only be obtained by counting the total 
number of pulses produced by the gamma rays in the 
crystal. This number is equal to the area of the differ- 
ential pulse height distribution. 

Pulse-height distributions obtained with two counters 
are shown in Fig. 2. At very low pulse heights the shapes 
of the curves become unreliable because of subtraction 


ne McGruer, and Findley, Phys. Rev. 90, 899 
“ The values of u were obtained from G. R. White, National 
Bureau of Standards Report 1003 (unpublished). 
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Fic, 2. Differential pulse height distributions produced by 
tritium gamma rays in Nal crystals. The proton bombarding 
energy is below the T(~,n) neutron threshold. Curve C is due to 
Campbell and Boyle (reference 17). 


of rising backgrounds. Campbell and Boyle'’ have made 
an approximate Monte Carlo calculation of the differ- 
ential pulse height distributions produced by gamma 
rays of various energies in Nal crystals. Their calcu- 
lations indicate that in the region of small pulse height 
there should be no abrupt increase or decrease of the 
distributions. We have accordingly extrapolated the 
distributions smoothly to zero pulse height in the 
manner shown in Fig. 2. The areas of the distributions 
are considered uncertain by +5%, due in part to 
counting statistics, but mostly to the necessary extra- 
polation 

The errors of the “miscellaneous” items of Table I 
were estimated. Because of the uncertainties of the 
estimates no corrections were made and the cross section 
was merely considered in error by the amounts shown. 

As an over-all check of the system the gamma-ray 
yield from the F"(p; a,y)O"* reaction in a thick CaF; 
target was measured at 1-Mev proton energy. The 


Taste III. 90° excitation curve data 


Flectrostatic Number 


Energy range Nal generator 
Mev counter Mev 


0.15 to 2.6 1.5 in. diam X 2 in. long, and 
1.5 in. diam X 3.3 in. long 

1.5 in. diamX 3.3 in. long 

1.5 in. diamX 3.3 in. long 

1.5 in. diam X 2 in. long 

1.5 in. diamX 3.3 in. long, 
and 3 in. diam X 3 in. long, 
collimated by 1 in. diam hole 
in lead brick 

1.5 in. diamX3.3 in. long, and 6 
1.5 in. diam X 1.5 in. long 


2.2 to 3.9 
0.6 to 4.3 
0.10 to 1.00 
1.0 to 4.0 


0.8 to 6.2 


* J. G. Campbell and A. J. F. Boyle, Australian J. Phys. 6, 171 
(1953) ; and 7, 284 (1954). 


wD-S. §. 
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result, 7.3 10-7 gammas per proton, agrees well with 
other published values.'* 

The cross-section error of +7 percent, compounded 
quadratically from the many individual errors of 
Table II, is really the error associated with one deter- 
mination of the absolute cross section. However, 
because the major errors are probably systematic, we 
do not feel justified in reducing the over-all error by 
virtue of having made several determinations. We 
believe that there is a 70% chance that the true cross 
section lies within +7 percent of the value 3.65 10-” 
cm?/steradian. 


IV. 90° EXCITATION CURVE 


The yield of gamma rays emitted at 90° to the proton 
beam was measured at proton energies ranging from 
0.10 Mev to 6.2 Mev. Approximately 300 individual 
yields were measured at 80 different energies in six 
series of runs. Details of these series are given in Table 
Il. 
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Fic. 3. 90° excitation function of T(?,7)He*. This is a composite 
of the sets of data mentioned in Table III. 


The results of the six series form the smooth yield 
curve given in Fig. 3, normalized to pass through 
3.65 X 10-* cm?/steradian at 1 Mev. No sharp resonance 
structure is evident in the excitation function over the 
entire proton energy range. The shape of the curve 
agrees very well with that found by Willard et al.* 

Two characteristics of the differential pulse height 
distribution influenced the measurement of the 90° 
yield curve as a function of energy. (1) Figure 2 shows 
a peak in the distribution followed by a sharp linear 
decrease in the number of high-energy pulses. This slope 
was extrapolated to the abscissa axis to obtain an 
extrapolated pulse height, P,. Figure 4 shows that the 
extrapolated pulse height was linear with proton bom- 


* R. B. Day and R. L. Walker, Phys. Rev. 85, 584 (1952). See 
also Chao, Tollestrup, Fowler, and Lauritsen, Phys. Rev. 79, 108 
(1950). 
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barding energy. Since the increase of gamma energy is 
linear with proton energy, this establishes the propor- 
tionality of sodium iodide pulse height to gamma 
energy in the range 20 to 24 Mev. (2) At energies 
above the T (p,m) threshold there was a large number of 
neutron pulses ranging in size up to about half of the 
maximum tritium gamma-ray pulse height. Figure 5 
is a typical distribution taken at 1.9-Mev proton 
energy. It is not possible here to extrapolate the tritium 
distribution to zero pulse height by subtracting out a 
neutron background. 

The technique used for the 90° yield curve was to 
plot the differential pulse height distribution for each 
energy, determine the extrapolated pulse height, P., 
and compute the area of the distribution above 0.7 P,." 
This technique appropriately varies the lower bias of 
the counter in accordance with change of gamma-ray 
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Fic. 4. Energy increase of gamma rays with increasing bom- 
barding energy. The solid line is calculated on the assumption 
that the maximum pulse height is proportional to the gamma-ray 
energy in sodium iodide. 


energy, and makes the yield independent of slow am- 
plifier gain shifts. It has, however, the clear disad- 
vantage that the yield so measured is based only on 
the peak region of the distribution. 

The visible part of the pulse height distribution lies 
above about 0.55 P, at all energies. Study of this part 
of the distribution showed that it was gradually smeared 
out with increasing proton energy. Clearly then the 
area above 0.7 P, represents a slowly decreasing fraction 
of the distribution area, as the proton energy is in- 
creased. By estimating the behavior of the invisible 
part of the distribution (below 0.55 P,) as a function 
of energy, we have computed and applied an increasing 
“shape correction” of 2.5% per Mev proton energy. 


® The value 0.7 P, was chosen because of encroachment of 
neutron pulses onto the feeble gamma-ray yields at 0°, 15°, and 
30° in the angular distribution work of Sec. V. At these angles the 
pulse height distributions were useless below 0.7 P,. 
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Fic. 5. Differential pulse height distribution produced by 
tritium gamma rays and neutrons in NaI. The proton bombarding 
energy is 1.9 Mev. 


This correction must be considered uncertain by 50 to 
100% of itself. Hence, if the yield curve of Fig. 3 is 
considered correct at 1-Mev proton energy, then at 
5 Mev there must be a relative uncertainty of +5 to 
10% caused by this correction alone. Extension of the 
calculations of Campbell and Boyle'’ to 24 Mev would 
allow this particular correction to be made with con- 
siderably greater certainty. 

Appropriate corrections were made for the increase 
of gamma-ray absorption coefficient with increasing 
gamma-ray energy. 

The accuracy of the 90° yield curve at proton energies 
above 1 Mev rests mainly on the validity of the “shape 
correction.” This correction was estimated independ- 
ently for each crystal used (see Table III for crystal 
dimensions) and all crystals then gave a consistent 
yield curve. In one case a 3 in.X3 in. crystal was used 
with a lead collimator (1 in. diameter hole through a 
2 in. thick lead brick). Here the differential pulse height 
distribution was markedly changed from that shown in 
Fig. 2. Because of reduced secondary electron and 
bremsstrahlung losses through the sides of the crystal, 
the pulse height distribution was quite peaked, with a 
consequent reduction in the importance of the “shape 
correction.” Again the same yield curve resulted. It is 
possible that a significant increase in the accuracy of 
the yield curve could be obtained by using a very large 
crystal” and proper collimator. 


V. ANGULAR DISTRIBUTION OF THE GAMMA RAYS 


One of the interesting features of this reaction is the 
pronounced anisotropic angular distribution of the 
gamma rays, which is essentially sin*#. However, our 


* R. S. Foote and H. W. Koch, Rev. Sci. Instr. 25, 746 (1954). 
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Fic. 6. Angular distributions of T(~,7)He* in the center-of- 
mass system. The abscissa has been dropped 0.70X10-" cm* 
steradian for each successive energy to prevent overlapping of 
data. The curves drawn through the experimental points are of 
the form K (sin@+-a sin cos#)*, where K is 9 77K 10-", 10.1X 10", 
9.79X 10°", and 6.93X10-", and a is 0.110, 0.098, 0.082, and 
0.051 for the respective energies 5.64, 4.08, 3.42, and 1.88 Mev. 


earliest preliminary angular distributions, and indeed 
those of Argo ef al.,! showed an asymmetry about 90°, 
with the yield at 45° larger than that at 135°. Moreover, 
this asymmetry was found to increase with energy. 

To clarify the nature of the asymmetry the four 
angular distributions shown in Fig. 6 were measured. 
If the 90° yields are all normalized to unity and a siné 
curve subtracted from each distribution, the resulting 
difference curves have the general shape sin’@ cos@, as 
shown in Fig. 7. 


To obtain further information on the asymmetry 
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Fic. 7. Difference curves showing how the angular distributions 
deviate from a sin¥ distribution. The four angular distributions 
of Fig. 6 were normalized to unity at 90°, and sin’ was subtracted 
to yield the difference values. The smooth curves have the form 
22 sin cos?+<a* sin’ cos¥, with the values of a listed for 
Fig. 6. The round and square experimental points are for the 
5.64- and 1.88-Mev distributions, respectively. Points for the 
4.08- and 3.42-Mev distributions show similar deviations from 
their smooth curves. 
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about 90°, the ratio of 60° yield to 120° yield was taken 
as a function of energy from 600 kev to 5.7 Mev. Appro- 
priate energy-dependent corrections (Sec. IV) were 
made to this ratio, and it was transformed to the center- 
of-mass system. With the assumption that the angular 
distribution has the analytical form (siné+-a sin@ cos@)*, 
the asymmetry coefficient a was calculated, and is 
shown as a function of energy in Fig. 8. 

In taking the angular distributions and 60°/120° 
ratios, the 3.3 in. long NaI counter was always used, 
at a distance of 7 in. from the gas target. The center of 
rotation of the rotating table was located relative to 
the center of the target to within 0.015 in. in 7 in., and 
the angular scale was set to +0.3° by requiring the 
observed distribution to be symmetric about zero 
degrees. Then the final data were taken at angles on 
both sides of the beam tube. A current integrator served 
as primary monitor. The target gas pressure was 
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Fic. 8. Asymmetry coefficient ¢ as a function of proton energy, 
where angular distributions are assumed to have the form 
(sin®+a sin@ cos#)*. The rms statistical uncertainties in a shown 
for several points do not include the possibility of a small isotropic 
component in the angular distributions. 


measured directly at intervals during the runs and 
over-all operation was monitored by use of a long 
counter counting the copious neutrons from the 
T(p,n) reaction. An isotropic angular distribution found 
with a radioactive source indicated sufficient magnetic 
shielding of the photomultiplier tube. 

At a given proton bombarding energy, the gamma-ray 
energy varies with angle according to the Doppler shift 
relation,” 

E(@) = E(90°)[1+ (2/c) cos], 


where @ is the laboratory angle of the gamma ray, t 
is the velocity of the He**, and c the velocity of light. 
Figure 9 shows a plot of extrapolated pulse height 2s 


™ A. O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 (1947). 


®S. Devons and M. G. N. Hine, Proc. Roy. Soc. (London) 
A199, 56 (1949). 
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angle, exhibiting clearly the Doppler effect. For the 0°, 
15°, and 165° points, where the yields were very low, 
Doppler curves were used to determine values of P, and 
hence the yield at these angles. 

As in Sec. IV, the data were corrected for cosmic ray 
background and for energy dependent factors. Further 
corrections were applied for the finite angle subtended 
by the counter and for multiple scattering of the inci- 
dent beam by the target entrance foil. Several other 
corrections (such as the effect of the 1-in. target length 
and gamma absorption and secondary electron scat- 
tering in the 0.010-in. thick target walls) were calculated 
but not applied because of their small size. The resulting 
yields were then transformed to the center of mass 
system through use of the equations” 
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Fic. 9. Doppler shift of gamma-ray energy with angle, for proton 
energy of 3.42 Mev. 


and 
Bo.m. =O tab+ (0/c) SIND. m.- 


The center-of-mass corrections are quite small, the 
yield being changed by no more than 5 percent and 
angle by no more than 1.5°. However, the changes are 
such as to reduce appreciably the asymmetry of the 
distributions. 

Considerable attention was given the zero-degree 
yield in an attempt to see if it really does vanish. As 
may be seen in Fig. 10, the observed yield is so small 
and background relatively so large, that the net yield 
is difficult to obtain with any accuracy. As observed, 
it was about 1.59%+0.5% of the 90° yield. The cor- 
rections resulting from the finite angle subtended by 
the counter and multiple scattering of protons by the 
target entrance foil reduced this to around 0.8%. It is 
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Fic. 10. Pulse-height distributions at @=0° for proton energy 
of 3.42 Mev. The background curve (B) was taken with hydrogen 
gas replacing the tritium in the target. However, this background 
is entirely due to cosmic rays. 


possible that this residue is caused when protons are 
stopping in the end wall of the target and interacting 
with tritium embedded there. We can only conclude 
that the zero-degree yield is very small, and quite pos- 
sibly zero at all energies we have investigated. 


VI. CONCLUSIONS 
(1) Excited States of He‘ 


Only general conclusions about the possibility of 
excited states of He‘ can be made as a result of this 
experiment. 

At all energies the gamma ray appeared to be mono- 
chromatic. The 14.7- and 17.6-Mev gamma rays from 
the Li(p,y) reaction produced a double-humped differ- 
ential pulse-height distribution in the NaI counters. No 
“double’”’ appearance or secondary peaks were evident 
in any of the tritium pulse height distributions. Cascade 
gamma rays would have been observed if their intensity 
had been 15 percent of the ground state transition and 
their energy had differed by at least 2 Mev from the 
ground state transition. Within these limits there 
appears to be no bound excited state of Het. 

The 90° excitation function (Fig. 3) shows no evi- 
dence of sharp resonance structure. The theoretical 
calculations*” of the photodisintegration of Het predict 
that this yield function should have a broad maximum. 
Therefore, the maximum observed in this experiment 
does not necessarily imply a broad unbound state in 
Het. 

Benveniste and Cork” observed no inelastic groups 
of protons when 32-Mev protons were scattered by 
helium. The work of Fuller" on the photodisintegration 
of He‘ also gave no indication of excited states. There 
seems, then, to be no evidence of excited states of Het 


J, Benveniste and B. Cork, Phys. Rev. 89, 422 (1953). 
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Fic. 11. Cross sections for the inverse reactions T(p,7)He* and 
He‘(y,p)T, based on detailed balance calculations of Fuller’s 
data (reference 10) and the results of this experiment. The vertical 
shading represents the absolute error of this experiment, while 
the slanted shading is the error associated with Fuller’s experi- 
ment. Fuller’s experiment has quite large errors in the unshaded 
region (below 8.5-Mev proton energy or 26-Mev gamma-ray 
energy). 


which can be produced by the T(p,y7), He*(y,p), or 
He*(p,p’) reactions. 


(2) T(p,y7) Reaction Cross Section 


The reaction cross section obtained in this experiment 
is in general agreement with that calculated by the 
principle of detailed balance from the experimental 
results of Fuller’® on the photodisintegration of Het. 
Figure 11 shows total cross sections for the two inverse 
reactions. Fuller has stated that for gamma rays below 
26-Mev energy the photodisintegration cross section 
has rather large errors. This range covers the proton 
energy range 0 to 8.5 Mev for the T(,7) reaction so 
that, unfortunately, the good region of Fuller’s data 


Taste IV. Interaction states of Het formed Ly p+T. States 
have been omitt 
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does not overlap our experiment. However, by extra- 
polation the two results join smoothly. The combined 
curve has the general shape and general cross section 
values calculated by Gunn and Irving.’ 


(3) Angular Distributions of the T(p,7) Reaction 


In Table IV are listed the possible interaction states 
of He* which might be formed in this reaction, together 
with the angular distributions of gamma rays to be 
expected if each state decayed individually to the ground 
state of He*. The predominance of sin’ distribution 
indicates that the reaction goes mainly by capture of 
p-wave protons, as pointed out initially by Christy.™ 
Critchfield and Dodder® have explained the asymmetric 
deviation from sin’*#@ as the capture of d-wave protons. 
The states formed by the capture of p- and d-wave 
protons, 'P, and 'Dz, interfere in their decay to give a 
cross section of the form 


a(6)~(sin§+ a sin8 cosé)? 
= sin*6+ 2a sin*@ cos#+-a? sin?@ cos’. 


The observed asymmetry coefficient a is about 0.1 so 
that the deviation from pure sin*# is predominantly of 
the form 2a sin*@ cos# (see Fig. 7). Because of barrier 
penetration the amount of d-wave capture is expected 
to increase with energy (see Fig. 8). 

Plots of o(@)+0(180°—6) versus sin*@ indicate the 
possibility of a small isotropic component in the angular 
distributions. If the cross section is assumed to have 
the form o(@)~b+sin0(1+ 4 cos@)*, the coefficient b 
increases linearly from 0+0.02 at zero proton energy 
to 0.02+0.02 at 6 Mev. The fact that the experimental 
points lie higher than the smooth difference curves of 
Fig. 7 for the angles 0°, 15°, 30°, 150°, and 165° is 
evidence in favor of a possible isotropic or 1+ cos’? 
term in the cross section. The presence of such a term 
would of course reduce the values of the asymmetry 
coefficient a given in Fig. 8. The accuracy of the present 
data is probably not sufficient to warrant an attempt to 
settle the question of an isotropic or 1+ cos term in 


»roducing radiation of higher order than electric quadrupole 
from the table.* 
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* Angular distributions calculated from Biedenharn and Rose, Revs. Modern “Phys 2s, 
AECL 97, (Unpublished). Interference calculated from Blatt and Biedenharn. Revs. Modern Phys. 24, 258 (1952). 
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729 (1953); Sharp, Kennedy, Sears, and Hoyle, Chalk River 


, Seattle Meeting to the American Physical Society, June, 1949 [Phys. Rev. 76, 584 (1949) ]. 
, Los Alamos Scientific Laboratory (private communication). 
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the angular distributions. In any event the predominant 
interaction up to proton energies of 6 Mev is the 
capture of p- and d-wave protons in singlet states. 

The general features of these angular distributions 
have been observed by Fuller” in his photodisintegra- 
tion experiment. In his experiment,** the asymmetry 
coefficient appears to be a factor of two lower than an 
extrapolation of the results of this experiment. The 
isotropic component is essentially zero at what corre- 
sponds to 6-Mev proton energy in the T(,y) reaction, 
but rises rapidly at higher energies. 


(4) Extensions of the Experiment 


An independent measurement of the absolute yield 
of the reaction seems desirable in view of the divergence 
of our result from those of other experiments. More 


%* The notation used in the two experiments is unfortunately 
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accurate angular distributions, extended to higher 
energy, might settle the question of interaction in 
triplet states. A more accurate 90° yield curve, possibly 
taken with a large crystal with collimator and extended 
to higher energy, would be of use in the theoretical 
interpretation of the reaction. A coincidence search 
might clarify the question of possible cascade gamma 
rays or nuclear pairs. None of these extensions is pres- 
ently being considered at this laboratory. 

We are particularly indebted to Dr. Robert B. Day 
for information on absolute gamma-ray yield measure- 
ments and for discussions on many phases of the experi- 
ment. Many members of Groups P-3 and P-9 of this 
laboratory helped us by discussion and criticism of the 
experiment, construction of the apparatus, and oper- 
ation of the electrostatic accelerators. We are grateful 
to Dr. Thomas R. Roberts for the many tritium gas 


not the same. Our a is ag perpen | 7/2b in Fuller’s notation. 


Our K (Fig. 6) equals his 4, and our 6 is his a/b analyses. 
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Disintegration of Carbon into Three Alpha Particles by 12-20 Mev Neutrons* 


G. M. Frve, Jr., L. Rosen, anp L. Stewart 
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
(Received January 26, 1955; revised manuscript received May 23, 1955) 


The reaction C"(n,’3a) has been studied in C-2 emulsions exposed to fifteen discrete neutron energies n 
the range 12.3-20.1 Mev. Measurements were made of the range and space angles of the three alpha particles 
for over 2000 events. The observed cross section is 78-15 mb at 12.6 Mev, goes through a broad maximum of 
265+47 mb at 16.9 Mev, and is 223440 mb at 20.1 Mev. It was found that not all the events are observed 
in the emulsion since (a) one prong may be too short and (b) two prongs which arise from the ground state 
of Be® may not be resolvable. A correction is made for these missed stars at four points giving : ¢corr™= 190450, 
230+50, 316+73, and 283459 mb at the bombarding energies of 12.9, 14.1, 15.5, and 18.8 Mev, respectively. 
Evidence is found for the excitation of the 9.6-Mev level in C" and the ground state and 3-Mev level in Be’, 
so that at least some of the events disintegrate via the mode C"*(n,n’)C®" (a) Be** (2a). Six events appear to 
involve the 7.7-Mev level in C*. The center-of-mass energy spectrum of the scattered neutrons may be fitted 
by a four-particle phase space distribution or a Maxwellian distribution. As a result of these measurements, 
carbon stars in nuclear track plates may be used as a neutron monitor with an accuracy of 15% at 14 Mev and 
20% elsewhere in the 12-20 Mev range. 


1. INTRODUCTION 


ARBON-12 has been observed to disintegrate into 
three alpha-particles when bombarded by neu- 
trons or gamma rays above the threshold energy of 7.28 
Mev. Hinni, Telegdi, and Ziinti' discovered the photo- 
disintegration reaction in nuclear emulsions exposed to 
p-Li gamma-rays and this reaction has since been ex- 
tensively investigated.? The neutron-induced reaction 
was found in early cloud-chamber experiments of 
Chadwick, Feather, and Davies.? Green and Gibson‘ 


* Work performed under the auspices of the U. S. Atomic 


studied 168 stars produced in nuclear emulsions by d-Li 
neutrons and found a cross section which rises from 23 
mb at 10.8 Mev to 157 mb at 14.5 Mev. Their results 
were further analyzed by Livesey and Smith® who found 
evidence for the excitation of the known 9.6-Mev level 
in C”, and tentatively another level at 11.8+0.8 Mev. 
In the former case the breakup of C leaves Be* in the 
ground state (the only state energetically possible) 
while the latter shows some indication of leaving Be* in 
the excited state at 3 Mev. 

Perkin,* also using nuclear emulsions and d-Li neu- 


Energy Commission. 

t —s — and Ziinti, Helv. Phys. Acta 21, 203 (1948). 
izenberg and T. Lauritsen, Revs. Modern Phys. 24, 
77 (1955) for complete references to the photodis- 


321 1953), ; ie 
integration work 

* Chadwick, Feather, and Davies, Proc. Cambridge Phil. Soc. 
30, 357 (1934). 


trons with a maximum energy of 24 Mev, analyzed 485 


‘L. L. Green and W. M. Gibson, Proc. Phys. Soc. (London) 
AG2, 296 (1949). 

*D. L. Livesey and C. L. Smith, Proc. Phys. Soc. (London) 
A66, 689 (1953). 

‘j. L. Perkin, Phys. Rev. 81, 892 (1951). 
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Taste I. The neutron energy and energy spread for neutrons 
produced in a 3-cm tritium target by deuterons of average energy 
3.36 Mev. The energy spread is calculated from the length of the 
target and the energy loss of the deuteron beam in the target. 
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stars and found indications for Be® levels at 2.65, 4.0, 
7.25, and 9.8 Mev. The alpha particles were found to 
have an isotropic angular distribution in the center-of- 
mass system. 

Jackson and Wanklyn’ studied these events in a cloud 
chamber with p-Be neutrons of energy up to 45 Mev 
(80% of their events correspond to neutron energies 
below 25 Mev). Their preliminary results show that for 
neutron energies below 20 Mev part of the stars proceed 
through a C® level at 10+0.8 Mev and the ground state 
of Be*, and the remainder give a range of excitation 
values of C® with no indication of the 3-Mev level in 
Be*. The center-of-mass energy distribution of the alpha 
particles and neutrons can be fitted by assuming a four- 
particle phase space distribution. Above 20-Mev neu- 
tron energy, the disintegration appears to go via the 
3-Mev Be® level. 

Kellogg*® made an extensive investigation of all the 
charged particle reactions possible with 90-Mev neu- 
trons on carbon and found a cross section for the three- 
alpha reaction of 9.8+2.0 mb. 

The present experiment, made with nuclear emulsions 
and T(d,n)He* neutrons which provided a monoener- 
getic neutron source, was undertaken to determine the 
C"(n,n'3a) cross section from 12 to 20 Mev and to study 
further the possible modes of disintegration. The soaking 
of the emulsions in a glycerine solution to prevent their 
shrinking after development significantly improved the 
accuracy in the measurement of the alpha tracks 


2. EXPERIMENTAL PROCEDURE 


Iiford C-2 nuclear track plates were exposed to the 
neutrons produced by 3.50-Mev deuterons from the 
large Los Alamos electrostatic accelerator incident upon 
a tritium gas target. The plates were positioned at 10° 


7 J. D. Jackson and D. 1. Wanklyn, Phys. Rev. 90, 381 (1953); 
D. Jackson (private communication 


*D. A. Kellogg, Phys. Rev. 90, 224 (1953 
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intervals from 0-160° with respect to the deuteron beam 
with the long axis of each plate pointed toward the 
center of the target. In this way data could be obtained 
simultaneously at neutron energies of 12-20 Mev. 
Table I lists the average neutron energy at each angle 
and the energy spread calculated from the length of the 
tritium target, and the energy loss in the gas. The plates 
were wrapped in black paper with a strip of 5-mil 
platinum next to the emulsion and fixed in position by 
0.015-in. steel wires which were strung in an aluminum 
frame designed to present a minimum amount of scat- 
tering material. A separate exposure was made to the 
14.1-Mev neutrons generated by the 250-kev deuterons, 
from the Los Alamos Cockcroft-Walton accelerator, 
incident upon a zirconium-tritium target, where the flux 
is accurately determined by counting the accompanying 
alpha-particles from the T(d,n)a reaction. The plates 
were processed by the A and B two-solution method,’ 
and soaked, after washing, in a 10% glycerine solution 
to minimize shrinkage. 


3. PLATE ANALYSIS 


Figure 1 shows three carbon stars formed by 16.9-Mev 
neutrons, the three alpha particles originating from a 
common vertex. In scanning the plates all three-prong 
events were recorded. The following measurements were 
made on each prong of a star: (1) the projected length of 
the prong, i.e., the length in the plane of the emulsion; 
(2) the angle in the plane of the emulsion between the 
prong and the long axis of the plate, which is also the 
angle in the plane of the emulsion between the prong 
and the direction of the incident neutron; (3) the num- 
ber of microns of dip between the vertex and the end of 
the prong. The dip measurement is the least precise of 
the three and limits the accuracy of the energy and 
momentum determination of each prong. 


4. STAR CALCULATIONS 


If the direction of the incident neutron is known, 
conservation of energy and momentum allows one to 
calculate the energy of the incident neutron as well as 


neident neutron direction 


10 


Fic. 1. Three typical carbon stars for Ey= 16.9 Mev. In (b) and 
(c) the two prongs close together arise from Be* being left in its 
ground state. (c) illustrates the difficulty that often arises in 
resolving these two prongs. Only the thickness of the track and the 
scattering of the last grain of the shorter track indicate that these 
are actually two tracks. 


~ *M. Blau and J. A. De Felice, Phys. Rev. 74, 1198 (1948). 





DISINTEGRATION OF C 


the energy and direction of the emitted neutron from the 
measured energy and space angles of the three alpha 
particles. Assume the incident neutron moves along the 
x-axis. Then the energy of the incident neutron is given 
by 

E.=( (Ei: t+ Ext Esx—Q+X°+ ¥°+Z*)/2X Ff, 


and the energy and direction of the scattered neutron by 
E,=(Xo—XP+¥°+Z, 


(¥?+2Z?)! 
6= tan (- : ). 


Xe-X 2 


E,;=the energy of the ith alpha particle. ¥=X,+X, 
+X; and similarly for Y and Z. X; is the component of 
momentum of the ith particle along the x-axis. Mo- 
mentum is taken as (mE)!, with m in atomic mass units 
and E in Mev. @ is the polar angle of the scattered 
neutron with respect to the original neutron direction. 
Q=—7.28 Mev, the mass difference between C” and 
three alpha particles.” All the above quantities are in 
the laboratory system. 

E., E,, and 6 were calculated for at least a hundred 
stars at each energy. Since the incident neutron energy, 
Eo, was known for each plate, the calculation of EZ, 
furnished a criterion as to whether or not each three- 
prong event was actually a carbon star produced by a 
neutron of energy E». Figure 2 shows the calculated 
energy for the case where the incident neutron energy is 
14.1 Mev. 

For purposes of calculating the cross section, a wide 
range of E, was allowed since the stars which gave an E, 
differing by several Mev from Ep» were usually ones 
where the measurement was difficult, most often because 
one or more prongs dipped steeply. In the calculation of 
excitation energies and angular distributions only stars 
for which | E,— Eo| <2 Mev were utilized. 

The only other reaction in the emulsion which gives a 
three-pronged event is N'(,2a)Li’. Most of these will 
be eliminated by the calculation of Z£,. In any case the 
maximum number of N*‘ events would be only 2% of the 
carbon stars, since the carbon-nitrogen ratio in the 
emulsion is 4.7 and Lillie" finds the N'*(n,2a)Li’ cross 
section to be 15 mb, 10% of the C*(n,n’3a) cross section 
(Sec. 7). 

5. DISINTEGRATION MODES 


In the subject reaction, various modes of disintegra- 
tion are possible: (1) C"(n,a)Be”(n’)Be*(2a) (the 
notation Be® will be taken to include Be? in its virtual 
ground state as well as in its excited states); (2) 
C®(n,a) Be” (a)He*(n’)a; (3) C#(n,n’)C (a) Be® (2a); 
(4) C®(n,n’)C™ (3a); or (5) the resultant four particles 
may be emitted at once, denoted by C"(n,n’3a), rather 
than from any intermediate unstable nuclei formed 
along the way. 

* Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 


(1951). 
4 A. B. Lillie, Phys. Rev. 87, 716 (1952). 
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Fic. 2. Calculated incident neutron energy for the case where the 
incident neutron energy is 14.1 Mev. 


The following procedure may be used to establish a 
particular disintegration chain. From the observed 
energy of one of the particles emitted, the excitation 
energy of the residual nucleus is calculated. Then the 
values of excitation energy thus obtained are compared 
with the known level scheme of the nucleus. This 
procedure is somewhat complicated in the present case 
because, in all, three alpha particles are emitted, and in 
(1) and (2) one cannot tell @ priori which alpha is 
emitted from C™ and which two come from the breakup 
of Be® (or from Be” and He). Thus in testing (1) and 
(2) one must use all three alpha particles, and the valid- 
ity of the assumption that Be” is being formed would be 
evinced by the superposition of the levels of Be’ on a 
continuous background of twice the integrated intensity 
of the levels. Calculations of this type show only a 
continuous distribution of values from the excitation of 
Be’ with no sign of the known levels. An upper limit of 
25% may be placed on the fraction of the reactions which 
proceed via (1) or (2). 

Similarly the validity of (3) or (4) or a combination 
thereof may be established by calculating the excitation 
energy of the residual C™, by the following formula: 


E..(C”) = E,4+-E,+ Ey+7.28— (1/12)£X?+ ¥?+2Z7], 


which has the virtue of permitting Z,.(C™) to be caleu- 
lated directly from the measurements on the three 
alpha particles rather than from a transformation to the 
center-of-mass system which requires also the use of the 
bombarding energy. The values of excitation energy for 
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Fic. 3. Calculated values of the excitation energy of C™ for the 
five groupings of incident neutron energy 12.3-13.0, 13.5-14.7, 
15.4-16.9, 17.6-18.9, and 19.4-20.1 Mev. In each case a peak is 
seen at 9.7+0.5 Mev, presumably the known level in C® at 9.6 
Mev. Above 10.5 Mev the peak shifts with increasing neutron 
energy. In this region the level spacing is less than the resolution 
of the experiment 


C® are shown in Fig. 3. For each group of bombarding 
energies there appears a level at 9.7+0.5 Mev, pre- 
sumably corresponding to the known level at 9.61 Mev.” 
Another peak is evident at higher excitation energy, but 
its energy does not remain constant as Ep increases. The 
lack of resolved peaks above 9.6 Mev may be due to the 
fact that in this region the level spacing is less than the 
experimental resolution or that C™ is not being formed 
with values of excitation energy greater than 9.6 Mev. 

To distinguish between (3) and (4) the excitation 
energy of Be™ may be calculated from 


Ex (Be) = E+ E:—0.1 
— bl (Xt Xy*+ (01+ ¥2)?+ (214-2: *), 
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where 0.1 is the excitation energy of the virtual ground 
state of Be*. Again one cannot tell which two of the 
three alpha particles came from the Be®, so that three 
calculations must be done for each star, giving at most 
one-third correct values superimposed upon a two- 
thirds background of spurious values. The histograms of 
Fig. 4 illustrate the results. In each case there is a peak 
corresponding to the formation of Be* in its ground 
state. Furthermore, a star in which C” was left in the 
9.6-Mev level has sufficient energy to decay only to the 
ground state of Be*. Events which give an excitation 
energy of C® between 9 and 10.5 Mev are found also to 
give at least one value for the excitation energy of the 
ground state of Be’, as indicated in Fig. 4. Now the two 
spurious values accompanying this true value may be 
removed, as is also shown in Fig. 4. The events corre- 
sponding to E..(C™)>10.5 Mev, show a peak at 3 Mev 
which may be identified with the well-known broad 
level in Be* at 2.91 Mev. The fact that the ground state 
of Be® is formed in more cases than the 9.6-Mev state in 
C", coupled with the absence of any indication of the 
formation of Be, is further evidence, admittedly some- 
what roundabout, for process (3), and therefore implies 
that C* is formed at excitations above 10.5 Mev. 

Six events were found which had E£,,(C”) in the 
interval 7.5-8.5 Mev. There is a level* in C” at 7.68 Mev 
which is unstable by 0.31 Mev to breakup into an alpha 
particle plus Be* in the ground state. The Coulomb 
barrier would inhibit this disintegration although it 
might still compete with a ¥ transition to the 4.43-Mev 
level (a y transition to the ground state has not been 
observed and would be strictly forbidden if the 7.68- 
Mev level is 0*). A disintegration which proceeds 
through this level will be observable in the emulsion only 
when the motion of the C" and Be’ in the center-of-mass 
system is in the same direction as the center-of-mass 
motion thus combining to give the three alpha particles 
an energy in the laboratory system large enough to be 
observed. The resultant star would then have three 
prongs contained in a fairly small cone about the 
incident neutron direction. All six of the above events 
were of this type and also had a value of E,,. (Be) in the 
range —0.5 to 0.5 Mev. Unfortunately no estimate may 
be made of the cross section, since at most only a small 
fraction of the events are observable as three-pronged 
stars. That the 7.7-level does disintegrate into three 
alpha particles was deduced by Miller et al.” from their 
failure to observe the recoil C” nuclei from this level in 
the inelastic scattering of alpha particles. 

It is of interest to calculate the distribution in alpha- 
particle energy which would result if (4) were the 
mechanism of the reaction for the events that do not go 
through the 9.6 C® level, and the statistical assumption 
of equal probability in phase space is made for the alpha 
particles. The energy distribution for three alpha par- 


® Miller, Rasmussen, and Sampson, Phys. Rev. 95, 649 (1954). 
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ticles” is 
P(E,)dE,= const (E,)*(Emsx—$E«) dE, 


where E, is the alpha energy in the C” center-of-mass 
system and Ensax=E..(C")—7.28 Mev, the energy 
available to the three alpha particles. To compare with 
Fig. 4 we may express the above formula as a function of 
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Fic. 4. Calculated values of the excitation energy of Be*. Since 
this excitation energy must be calculated for each prong of the 
star, only one value in three can be valid. The lined parts of the 
histograms are where the excitation energy of Be* has a value 
nearest zero for the stars which have an excitation energy of C” in 
the 9-10.5 Mev region. The dotted parts indicate the two corre- 
sponding spurious values. The dotted line is a theoretical phase 
space curve normalized to the remaining part of the histogram. 

4 Fokker, Kloosterman, and Belinfante, Physica 1, 705 (1933- 
34); E. Fermi, Elementary Particles (Yale University Press, New 
Haven, 1951), p. 44. 
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Fic. 5. Angular distribution of the scattered neutrons in the C¥ 
center-of-mass system for the three —— s of incident neutron 
energy: 12.3-13.5, 14.1-16.9, and 17.6-20.1 Mev. 


Eex(Be*), since Ex (Be*) = Eex (C”)—7.28—4E,. Then 
P( Bex (Be*) ld Ex (Be’) 


8 
=——[ Fex(B.*) [Emax Fux (Be*) dE x (Be’). 


TL max 


From the experimental values for Z,.(C™) above 10.5 
Mev and the above formula, the curves shown in Fig. 4 
were derived. In each case it may be seen that the levels 
at 0 and 3 Mev rise well above the statistical curve. 
However, the fit to the high-energy tail becomes in- 
creasingly good as the bombarding energy increases. 

A discussion of mechanism (5) which involves a phase 
space distribution among four particles will be given 
later. 


6. ANGULAR DISTRIBUTIONS 


In order to improve the statistics the data were com- 
bined into three groups: Eo= 12.3-13.5 Mev; 14.1-16.9 
Mev, and 17.6-20.1 Mev. The angular distribution of 
the scattered neutrons in the C” center-of-mass system, 
Fig. 5, is isotropic within the experimental error; this 
implies that the angular distribution of the C”’s is also 
isotropic. As a check, the angular distribution of the 
alpha particles in the C¥ system was also computed, 
Fig. 6, and is essentially isotropic as it must be since the 
angular distribution of the C”’s is isotropic. As a further 
check, the angular distribution in the C" system of the 
first alpha particle emitted from the stars which had 
Ea(C")=9.6, Eo=12.3-13.5 Mev, and E,.(Be*)=0 
Mev was plotted. This also must be isotropic, but as 
shown in Fig. 7 the plot rises almost linearly from zero 
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at 0° to a maximum at 180°. The interpretation of this 
result is that when a star disintegrates via the 9.6-Mev 
level in carbon it is less likely to be observed if the Be’ is 
emitted in the backward direction. There are two reasons 
why a three-prong star may appear to the scanner to 
(1) One alpha particle may have 
such a small energy in the laboratory system that it does 
not give a track long enough to be observable; and (2 
when the reaction proceeds via the ground state of Be’, 


have only two prongs: 


the breakup energy of Be*, 0.1 Mev, is so small that the 
two tracks may not be distinguishable as separate 
tracks, especially if their plane is perpendicular to the 
plane of observation. It is likely in most cases that a 
combination of these two effects causes a star to be 
missed 

One may now question the isotropy of the C”’s, when 
only part of the disintegrations have been observed. 





Taste Il. The four determinations of the observed cross section 
at 14.1 Mev 
Net 2] 
Neutron flux 

flux measured Observe 
No. of s Plate measured t , r cross 
Plate stars stars thickness by proton ticle secti 
UX.-95 . 273 170 1.30-10° 1.36-10* 159 
UX-96 ee 378 170 1.19- 10° 1.37-10° 160 
UX-99 see 233 170 1.15-10° 1.36-10* 148 
UX-103 57 160 0.98-10® 1.14-10* 145 


Mean ¢,.,, at 14 Mev = 155423 mb 
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To investigate this point the angular distribution of the 
first alpha particle, Ep>=12.3-13.5 Mev, was broken 
down into contributions from five different angles of 
emission of the C”. Although the statistics are meager, 
the distribution of the first alpha is similar in each case, 
indicating that the direction of emission of the C™ has a 
minor effect on whether or not the star is observed. 


7. CROSS SECTIONS 


The plates irradiated at the Cockcroft-Walton were 
used to determine the observed cross section at 14 Mev. 
The flux on each plate was found by measuring proton 
recoils on the plates and by counting the accompanying 
alpha particles from the d-T reaction. Since the plate 
itself attenuates the flux to some extent, the alpha- 
counter result should always be high and so_was used 
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COS OF THE CENTER-OF-MASS ANGLE 
OF THE FIRST Q-PARTICLE 


Fic. 7. Angular distribution of the first alpha-particle emitted in 
— nme? . . . ° 
the chain C"(n,n")C" (a@;)Be® (a2,a;) where the incident neutron 
energy lies between 12.3-13.5 Mev, the excitation energy of C” lies 
between 9-10.5 and the excitation energy of Be® is zero. 





only as a check of the reasonability of the answer given 
by the proton recoils. The number of carbon atoms per 
cc was taken as 1.37X10™, the value given by Ilford" 
corrected to 30% relative humidity."* The emulsion 
thickness was measured by a dial gauge. The flux, 
number of stars counted, plate thickness, and observed 
cross section for each plate are tabulated in Table II. 
The observed cross section at other energies in the 
12-20 Mev range is 
baa eA 


Tova E) = ersten 14), 
beF eNuAg 





where / is the emulsion thickness, F the neutron flux, V 
the number of carbon stars observed, and A the area 


4 Ilford technical leaflet, 1949. 
“J. J. Wilkins, Atomic Energy Research Establishment, 
Harwell Report AERE G/R 664 (unpublished). 
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read on the plate. The angular distribution of the 
neutrons from the T(d,n)He* reaction has not been 
determined at E,=3.33 Mev. To find the relative 
neutron flux at each angle, it is assumed that the angular 
distribution was the same as for the He*(d,p)He* reac- 
tion, as is true at 10 Mev.'* Additional support for this 
assumption is furnished by the fact that the mirror 
reactions D(d,n)He® and D(d,p)T have the same angu- 
lar distribution at 3.5 and 10.3 Mev.’ The following 
least-squares fit was made to the data of Yarnell ef al."* 
at 3.56 Mev: 


da(o) = 5.021+-0.997 cos@— 0.174 cos*d 
— 1.662 cos*@+5.574 cos'¢; 


it was then transformed to the laboratory system to give 
the relative flux at each angle. The attenuation of the 


TABLE ITI. The observed cross section between 12.3 and 20.1 
Mev. The last five plates are check plates. The check plate result 
has been averaged with the other plate at the same energy to give 
the values listed in the upper part of the table. 


Observed 
Plate section 
\ age N N Flux thickness and total 
Plate  energ st ativ relative error 
No in Me mea 14 Mev to 14 Mev in mb 
C3-9 20.1 9 3.10 1.05 223+40 
C3-8 19.8 OF see 2.63 1.00 241443 
C3-11 19.4 87 116 2.11 1.06 204+36 
C3-7 18.9 92 205 1.78 1.01 183+32 
C3-12 18.3 92 93 1.48 1.07 280+ 50 
C34 17.6 91 . 1.40 0.95 2444-48 
C3-13 16.9 91 111 1.22 1.06 265247 
C3-5 16.2 96 110 1.18 1.04 279+50 
C3-14 15.4 103 ‘ 1.05 1.03 207 +40 
C34 14.7 95 0.90 1.05 192+37 
C3-15 14.1 90 311 1.00 1.00 155423 
C3-3 13.5 93 0.96 0.99 135+26 
C3-16 13.0 90 98 1.08 1.04 101+18 
C3-2 12.6 72 87 1.20 1.02 78+15 
C3-17 12.3 91 108 1.33 1.00 110+26 
B10-b 20.1 &3 tee 3.35 1.0 
B11-8 19.8 92 tee 2.95 1.0 
B10-a 19.4 113 2.39 1.0 
Bil-7 18.9 vee 80 2. 1.0 
B10-15 14.1 tee 198 1.00 1.0 


flux by the plate was determined experimentally and a 
correction applied when necessary. 

The relative thickness of each plate was found by 
washing the glycerine out of the emulsion and measuring 
the final thickness of the area where the plate was 
scanned. Several of the plates were also chemically 
analyzed for their nitrogen content. The relative 
thicknesses found in this manner varied from the former 
determination by 12% at most. The observed cross 
section as a function of the bombarding energy is given 
in Fig. 8, and the pertinent data compiled in Table III. 


16 J. C. Allred, Phys. Rev. 84, 695 (1951); Brolley, Fowler, and 
Stovall, Phys. Rev. 82, 502 (1951). 

17 Blair, Freier, Lampi, Sleator, and Williams, Phys. Rev. 74, 
1599 (1948); Erickson, Fowler, and Stovall, Phys. Rev. 76, 1141 
(1949) ; Allred, Phillips, and Rosen, Phys. Rev. 82, 782 (1951). 

4 Yarnell, Lovberg, and Stratton, Phys. Rev. 


, 292 (1953). 
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Fic. 8. The observed cross section for the formation of carbon 
stars for incident neutron energies from 12.3-20.1 Mev. Relative 
errors are shown. The squares are the values of Green and Gibson 
(reference 4). The triangles are the corrected cross section for the 
energy groupings: 12.3-13.5, 13-15.4, 14.1-16.9, and 17.6-20.1 


Mev. 


The following errors are present in the observed cross 
section at 14 Mev: 

(1) Carbon content of the emulsion, emulsion thick- 
ness, area scanned, neutron flux, and statistical uncer- 
tainty—5%. 

(2) Star identification, i.e., is the observed three- 
prong event actually a carbon star—10%. 

(3) Star recognition. This contribution to the error 
arises from the variation in ability from one observer to 
another to recognize the borderline cases where the 
third prong is very short or barely resolvable from 
another prong. It was found that observers would differ 
at most in one star out of ten, so this uncertainty is 
estimated at 10%. 

These errors combine for a total of 15% at 14 Mev. 

Additional uncertainties present at other energies are : 

(4) Relative emulsion thickness—5%. 

(5) Relative angular distribution—2%, except below 
Eo= 12.5 Mev—15%. 

(6) Statistical uncertainty, which varied from 5% to 
10%. 

The cross section values of Green and Gibson‘ are also 
shown on Fig. 8. Although they are somewhat lower, the 
quoted errors overlap. 

In Sec. 6 it was shown from the angular distribution of 
the first alpha in the case Ey= 12.3-13.5 Mev, E..(C”) 
= 9.6 Mev and E,,(Be*)=0 Mev, that not all the three- 
pronged events were being found. Since the angular 
distribution should be nearly isotropic, the correction 
factor must be something near two. 

In correcting the observed cross section the following 
assumptions are made for the stars which do not go 
through the 9.6-Mev level in C”: (1) All disintegrations 
proceed via the chain C"(n,n’)C™ (a,) Be™ (args) ; (2) if 
one of the three values for E,,(Be*) calculated for a 
given star lies in the range —0.5 to +0.5 Mev, the 
disintegration went via the ground state of Be*. These 
events are designated by E,.(C”)>10.5, E..(Be*) =0. 
(3) The cases not included in E,,.(C)> 10.5, E..(Be*) 
=( are assumed to decay via the 3-Mev state in Be® if 
one of their three values for E,.(Be*) lies in the range 
2-4 Mev. 
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9. Theoretical curve fitted to experimental laboratory 


Fis 
C) =9-10.5 and 


velocity distribution for Fo=i2.3-13.5, Ey. 
FE. (Be*®) =0 Mev 


The method adopted to correct the observed cross 
section is the following: It was found that the shape of 
the calculated curve for the distribution in laboratory 
velocity of the first alpha particle was quite insensitive 
to the angular distribution assumed for the C” or the 
first alpha. In categories where stars are missed (as 
indicated by the observed angular distribution of the 
first alpha), the computed curve, when normalized to fit 
the experimental points for small values of laboratory 
velocity, lies above the experimental curve for higher 
values of t, (Fig. 9). This corroborates the conclusion 
deduced from the angular distribution, i.e., all the stasr 
are observed only if the first alpha goes backward, and 
the Be* goes forward in the C® center-of-mass system. A 
check on this procedure is furnished by the events where 
Ey=17.6-20.1 Mev, E..(C") = 14-19 Mev, and E,, (Be® 

2-4 Mev. One would expect to see most of these stars 
because of the large energies involved, and this is borne 
out, as the computed curve agrees with the experimental 
histogram within the statistical uncertainty over the 
entire range of ?\,». 

The procedure for calculating the correction to the 
observed cross section then was to compute the theo- 
retical laboratory velocity distribution for a particular 
Eo, E.x(C"), and E,.(Be*) and fit it to the experimental 
curve over as large a range of 0) as possible. The differ- 
ence in area between the two curves is the correction 
that was added to the observed cross section. Table IV 
gives the various categories of Ey, E.x(C™”), and 
E.,.(Be*), their corrections, and the total cross section 
for Eo=12.3-13.5, 14-16.1, and 17.6-20.1 Mev. A 
further point was computed for Ey>= 14.1 Mev from the 
data for Ey=13-15.4 Mev. Figure § depicts the cor- 
rected cross section as a function of Eo. The error in the 
corrected cross section is difficult to estimate. However, 
it was assumed that the calculation of the correction to 
be added to the observed cross section was good to 25% 
and this error combined with the one in the observed 
cross section is the uncertainty which is tabulated. 
The corrected cross section does not include any 
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contribution from the 7.7 level in C”, as the data were 
insufficient to make any estimate of how many of these 
events were missed. 

The cross section of 230+50 mb for the C"(n,n’)3a 
process at 14 Mev may be correlated with other cross- 
section measurements on carbon at this energy. Levels 
in carbon excited by inelastic neutron scattering must 
decay (1) into three alpha particles, (2) by gamma 
emission, or (3) by the production of internal pairs. 
This last mode of decay has a small probability com- 
pared to gamma emission and so will be disregarded.” 
The cross section for gamma emission has been meas- 
ured variously as 190,” 245235," or 300 mb.” Any one 
of these added to the 230 mb agrees with the 0.540.2 
barn found for inelastic neutron emission.” 

Furthermore the inelastic collision cross section as 
measured by the sphere technique” should be the sum 
of the above three processes plus (4), the reaction 
C"(n,a)Be*®, whose cross section was deduced to be 
804-20 mb™ [all excited states of Be® are neutron- 
unstable, decaying according to Be”(n)Be®(2a) or 
Be®(a)He*(n)He*], and (5) a contribution from the 
elastic scattering at large angles, estimated as 50 mb.* 
If the 245+35 mb value is taken for the gamma cross 
section, the sum of these five is 605470 mb, in good 
agreement with the 0.601+0.006 barn found for the 
inelastic collision cross section. 


TABLE IV. The corrected cross section as computed for the three 
points 12.9 (12.3-13.5), 15.5 (14.1-16.9), and 18.8 (17.6-20.1) 
Mev. The 14.1 (13.0-15.4) Mev point is not an independent one 
but was computed for comparison with other known cross sections 
at 14 Mev 





Corrected 
Observed Corrected asm 
ross cross and total 
Es in Fes (C# Eex(Be* section section error 
Mev in Me n Mev in mb in mb in mb 
9-10.5 0 48 85 | 
12.9 >10.5 —0.5 to 0.5 Re 81 190+50 
>10.5 2to4 18 24| 
9-10.5 0 49 76 
15.5 >10.5 —0.5 to 0.5 77 133 316473 
>10.5 2to4 96 107 
9-10.5 0 22 35 
10.5-14 —0.5 to 0.5 24 39 
10.5-14 2to4 52 52 
as >14  -05t005 19 jof 83+59 
>14 2to4 97 97 | 
others 30 30) 
9-10.5 0 4s 76 
14.1 >10.5 —0.5 to 0.5 62 105 230250 
> 10.5 2to4 45 49 





* G. Harries and W. T. Davies, Proc. Phys. Soc. (London) A65, 
564 (1952). 

*® Scherrer, Theus, and Faust, Phys. Rev. 91, 1476 (1953). 

" M. E. Battat and E. R. Graves, Phys. Rev. 97, 1266 (1955). 

= L.C. Thompson and J. R. Risser, Phys. Rev. 94, 941 (1954). 

™ E. R. Graves and L. Rosen, Phys. Rev. 89, 343 (1953). 

™ E. R. Graves and R. W. Davis, Phys. Rev. 97, 1205 (1955). 
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8. ENERGY DISTRIBUTIONS OF THE 
EMITTED PARTICLES 


Although it has been shown that there is good evidence 
for the mode of disintegration C"(n,n’)C™ (a)Be® (2a), 
there is an alternative explanation that also provides a 
reasonably good fit to the experimental data. One may 
assume that instead of having unstable intermediate 
nuclei formed along the decay chain, four particles are 
produced immediately, and their energy distribution in 
the center-of-mass system may be fitted by the assump- 
tion of equal probability in phase space. It has been 
shown’* that the resulting energy distribution for any 
one of the particles is 


N(e)de=conste!(1—«)*de, (8.1) 


where ¢ is the ratio of the energy of the particle to the 
maximum energy it can have. If this distribution is 
valid, a plot of [NV (e)/+/¢]}! os € should give a straight 
line intersecting the abscissa at unity. Plots of 
[N(e)/\/e]}* are shown in Figs. 10 and 11 for the 
neutron and alpha particles. Since it has been shown 
that a number of the carbon stars are not observed, it is 
surprising that the neutron distribution fits as well as it 
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Fic. 10. Plot of the quantity [N(e)/+/«}* os « for the scattered 
neutron where ¢ is the ratio of the neutron energy to the maximum 
neutron energy ir. the C¥ center-of-mass system. N(¢) is the 
number of particles between « and ¢+de. This plot should be a 
straight line if the distribution in neutron energy follows a four- 
particle phase distribution. The incident neutron energy 
groupe are (A) 12.3-13.5, (B) 14.1-16.9, and (C) 17.6-20.1 Mev. 





(8) 





%G. E. Uhlenbeck and S. Goudsmit, Pieler Zeeman V erhande- 
lingen (Martinus Nijhoff, The Hague, 1935), p. 201. 
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Fic. 11. Plots of the quantity [N(e)/\/e}* vs « for the alpha 
particles. The notation is the same as in Fig. 10. 
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does over the whole range of bombarding energies. The 
alpha-particle distribution for the highest Zo also fits 
well. The poor fit at the lower energies is not surprising 
in view of the larger percentage of stars which are 
unobserved. One may well ask why the phase space 
distribution provides such a good fit when there is 
definite indication of the excitation of individual levels 
in C® and Be*. At the lower bombarding energies this 
agreement for the neutron distribution may be fortui- 
tous because of the larger fraction of the stars which are 
not observed. In the case of the higher energies more 
levels are available in C” so that the neutron distribu- 
tion could be the'sum over many levels. Some of the 
stars which give values of E,.(C)> 10.5 Mev may not 
form C™ at all, but disintegrate at once into the four 
particles. Moreover, if the chain C(n,n’)C (a) Be™ (2a) 
is correct the energy distribution of the last two alpha 
particles would be expected to follow some sort of a 
statistical distribution in the center-of-mass system. 
The first alpha particle seems to proceed primarily 
through the 3-Mev state of Be* which has a width of 1 
Mev. Thus even if Be* is formed for each star, two- 
thirds of the alpha distribution is of a statistical nature, 
which, coupled with the breadth of the 3-Mev state, 
could quite possibly be in accord with the curve pre- 
dicted from phase space considerations. Thus the ap- 
parently anomalous result that the data show evidence 
for the intermediate unstable nuclei C and Be® and 
also for the four-particle phase space distribution may 
be due to the cumulative effects of several levels in C 
and Be* and to the statistical nature of two-thirds of the 
alphas corresponding to this mode of disintegration. On 
the other hand it may very well be that both processes 
occur, with the fraction of times the four particles 
emerge simultaneously increasing as the bombarding 
energy is increased. 
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Because the phase space distribution for four particles 
is already very similar to the Maxwell-Boltzman distri- 
bution (it becomes the same, of course, for a large 
number of particles), the neutron energy distribution 
may also be fitted by the evaporation equation”: 


N(E)dE=constEc-*'T. (8.2) 


The mechanism here would be that the neutron is 
evaporated from the compound nucleus, C”’, and leaves 
C™, which then goes as C* (a) Be (2a). The experi- 
mental results do not distinguish between (8.1) and (8.2). 


9. C'(n,n')3a@ REACTION AS A NEUTRON MONITOR 


Although not all the disintegrations of carbon into 
three alpha particles can be seen as three-prong events 
in the emulsion, it has been found feasible to utilize the 
observed cross section for carbon stars as a neutron 
monitor when the neutron source is a point source. As is 
evident from Fig. 2, the energy resolution is about 
3 Mev and cannot compete with proton recoils in the 
emulsion where the energy resolution may be 0.3 Mev. 


* J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952), p. 368. 
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However, at 14 Mev in a 200, plate the ratio of observed 
carbon stars to proton recoils in a 10° cone which do not 
leave the emulsion is 3.5. This ratio increases rapidly 
with energy, because, while the n-p cross section and 
the probability that a proton recoil will remain within 
the emulsion both decrease with energy, the observed 
cross section for carbon stars increases with energy. At 
20 Mev, this ratio is approximately 11.5. 

In view of the estimated errors (Sec. 7), it is felt 
that carbon stars may be used to measure a neutron flux 
to 15% at 14 Mev and to about 20% elsewhere in the 
12-20 ‘tw range. Realtive measurements may, of 
course, be made more accurately, especially if carried 
out by the same observer. 

The authors would like to thank the Cockcroft- 
Walton and large electrostatic accelerator groups for 
their assistance in making the exposures and the plate 
analysts of the nuclear plate group for carrying out the 
microscope work. We are indebted to Dr. J. D. Jackson 
for making his phase space calculations available before 
publication. It is a pleasure to acknowledge the en- 
couragement and many helpful suggestions of Dr. A. H. 
Armstrong. 
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Angular distributions of protons resulting from reactions of Ti and Ti with 4.16-Mev deuterons have 
been measured in the forward direction for several levels of the residual nuclei. For protons from the 1.35- 
and 1.70-Mev states of Ti® the distributions show a peak at an angle about 5° larger than that expected from 
simple deuteron-stripping theory. The reaction to the ground state of Ti’ appears to proceed largely through 


the compound nucleus at this deuteron energy. 


The measured angular distribution of protons from the 


1.40-Mev excited state indicates an assignment of L=1 for the captured neutron, hence odd parity and 


spin § or j to the level in Ti’. 


INTRODUCTION 


HE stripping theory' of angular distributions for 
(d,p) and (d,x) reactions has proven a powerful 

tool in nuclear spectroscopy. In particular it has been 
possible to make parity assignments to many levels in 
the lighter nuclei, and in some cases spin assignments 
have also been possible. The extension to heavier nuclei, 
with moderate bombarding energy, has been hampered 
by the assumptions of the simple theory, in which both 
Coulomb effects and nuclear scattering of the incident 
deuteron and emergent nucleon are neglected. The 
present experiment, in addition to trying to provide 


as > Based o on a dissertation submitted to the Graduate School of 
ioe University by L. L. Lee, Jr., in candidacy for the Ph.D 


nne National Laboratory, Lemont, Illinois. 
Sesentea be »y the joint program of the Office of Naval Re- 

search and the U. S. Atomic Energy Commission. 

'S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1950). 
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information about the Ti‘? and Ti nuclei, should be 
helpful in giving some indication as to how much the 
simple stripping theory breaks down when deuterons 
of energy less than the Coulomb barrier are used. 

The angular distribution for the Ti‘*(d,p)Ti® reac- 
tion has been measured by Bretscher ef al. using 
10-Mev deuterons and by Pratt’ with 2.6-Mev deu- 
terons. The former are able to make definite assignments 
based on the simple stripping theory, and their results 
serve as a comparison to show deviations from the pre- 
dicted angular distributions in the present experiment. 


EXPERIMENTAL PROCEDURE 


Thin targets of TiO, enriched in Ti** and Ti** were 
bombarded with 4.16-Mev deuterons from the Yale 


Alderman, Elwyn, and Shull, Phys. Rev. 96, 103 





: Bretscher, 
(1954). 
*W. W. Pratt, Phys. Rev. 97, 131 (1955). 
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cyclotron. Reaction protons from the target were ob- 
served at 10° intervals from 0° to 90° to the incident 
deuteron beam through a thin aluminum window 
cemented to the target chamber. The protons were 
detected with a double proportional counter coincidence 
telescope and the proton energies determined from their 
range in aluminum absorbers. The second counter of 
the telescope was biased to count only protons ending 
their range in the counter, so it was possible to obtain 
differential range curves at each angle. 

The counter telescope and foil changer were rigidly 
mounted to rest on a graduated table and rotate about 
a vertical axis through the target. The geometry was 
such that the counter telescope subtended an angle of 
2.5° with respect to the target. At each angle a complete 
differential range curve was taken, and between each 
pair of angles the curve for a chosen normalizing angle 
was measured. This was done so changes in the target 
conditions and detection efficiency could be observed, 
and corrections, if necessary, could be made. For 
measurements at angles of 10° and smaller, a gold 
absorber was placed behind the target to absorb the 
deuteron beam. 


RESULTS 


The energy levels of Ti‘? and Ti® have been studied 
by Pieper.‘ In all cases we have considered, there is 
agreement with his results, and the Q values and 
excitation energies quoted are those given by him, 
unless otherwise indicated. 


Ti* (d,p)Ti” 
This reaction has a ground-state Q value of 6.45 Mev, 
and energy levels at 1.40, 2.39, and 2.64 Mev as ob- 


served by Pieper. A level at 0.160 Mev observed by 
Coulomb excitation® and in the decay of Ca‘? ® was not 





taile ] = fv? 


o (98) 
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Fic. 1. Angular distribution of protons from the ground state 
of Ti’ in the reaction Ti“(d,p)Ti. Dashed lines in this and the 
following figures are theoretical. 


‘G. F. Pieper, Phys. Rev. 88, 1299 (1952). 
j 5G. M. Temmer and N. P. Heydenburg, Phys. Rev. 96, 426 
(1954). 

* Cork, Leblanc, Brice, and Nester, Phys. Rev. 92, 367 (1953). 
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Fic. 2. Angular distribution of protons from the 1.40-Mev state 
of Ti* in the reaction Ti*(d,p)Ti*. 


resolved by Pieper, nor in the present work, and its 
effect on the measured angular distribution will be 
discussed below. Angular distributions have been ob- 
tained for protons from the ground state (plus the 
160-kev state) and from the 1.40-Mev excited state. 
Figure 1 shows the measured angular distributions for 
ground-state protons, as well as theoretical curves calcu- 
lated from simple stripping theory. The large statistical 
error, due to the low yield of the reaction, as well as 
the unusual shape of the distribution, makes any choice 
of value for the reaction impossible. 

The angular distribution of protons from the 1.40- 
Mev excited state is shown in Fig. 2 along with curves 
calculated from simple stripping theory for L=1 and 
L=2. In this case the prominent maximum at about 23° 
gives indication that the reaction proceeds largely by 
stripping in which the neutron is captured with one 
unit of angular momentum. 


Ti (d,p)Ti* 


The ground-state Q value for this reaction is 5.61 
Mev, with excited states at 1.35, 1.70, 2.41, and 3.11 
Mev. In the present experiment it was not possible to 
obtain the distribution of the ground-state protons 
because of the low yield and target impurities which 
distorted the group at some angles. Angular distribu- 
tions were obtained for protons from the 1.35- and 1.70- 
Mev excited states. These distributions are shown in 
Figs. 3 and 4 respectively, along with the appropriate 
distributions calculated from the simple stripping 
theory. In both cases the presence of a strong forward 
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Fic. 3. Angular distribution of protons from the 1.35-Mev excited 
state of Ti® in the reaction Ti*(d,p)Ti®. 


maximum indicates that the stripping mechanism con- 
tributes appreciably to the reaction. 


DISCUSSION 


From the measurements of Bretscher ef al.? on the 
Ti**(d,p)Ti® reaction it is known that the neutron is 
captured with one unit of angular momentum for the 
reaction leading to both the 1.35- and 1.70-Mev excited 
states. Accepting these results, it is then possible to 
examine to what extent the measured distribution 
differs from that predicted by the simple stripping 
theory when the much lower deuteron energy is 
employed. 

The most prominent deviation from simple stripping 
theory is the general smearing out of the peaks and a 
shift of the first maximum to an angle larger than the 
predicted value. A choice of ro other than the value 
(1.454'4+-1.45)x10~* cm used in our calculations 
might give better agreement, but this does not seem 
justified in view of the low bombarding energy. This 
smearing and shift toward larger angles would appear 
to agree qualitatively with recent theoretical work’ in 
which Coulomb effects have been considered. 

A second prominent deviation from the simple 
stripping theory is the prominence of the second maxi- 
mum in the angular distribution. This prominent second 
maximum appears at a slightly smaller angle than pre- 
dicted, in contrast with the trend of the first maximum. 
All three of the measured angular distributions in 
which the neutron is captured with one unit of angular 
momentum exhibit this effect. Tests with targets of 
lighter elements have demonstrated that this prominent 
second maximum is not a systematic error in the 


7S. T. Butler and N. Austern, Phys. Rev. 95, 605 (1954); 
J. Yoccos, Proc, Phys. Soc. (London) A67, 813 (1954); W. Toboc- 
man and M. H. Kalos, Phys. Rev. 97, 132 (1955). 
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measurements, but no theoretical explanation has as 
yet been found. 

The angular distribution of protons from the 1.40- 
Mev excited state of Ti’ shows a definite forward 
stripping maximum which is fitted quite well by a 
theoretical L=1 curve, especially if one subtracts an 
isotropic “background” presumably due to compound- 
nucleus formation. If one assumes that the Ti** ground 
state is 0+, the measured L=1 permits the assignment 
of odd parity and spin 1/2 or 3/2 to the 1.40-Mev 
state. This is in agreement with the expected shell- 
model designation as a 2, state. 

Little significance can be attached to the meas- 
ured distribution of ground-state protons from the 
Ti“*(d,p)Ti* reaction because of the poor statistics due 
to the low yield. As mentioned previously, this distri- 
bution includes protons from both the ground state 
and the 160-kev excited state of Ti*’. The ground state 
has spin 5/2° and odd parity and the 160-kev state is 
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Fic. 4. Angular distribution of protons from the 1.70-Mev excited 
state of Ti® in the reaction Ti**(d,p)Ti®. 


believed to be spin 7/2, based on shell-model considera- 
tions, also with odd parity. The angular distribution 
should then be characteristic of L=3 for both states, 
in variance with the measured distribution. However, 
since the stripping cross section is expected to be low 
for high values of L, especially at low deuteron bom- 
barding energies, the stripping mechanism is unlikely 
to contribute significantly to the angular distribution. 

The authors are pleased to thank Professor E. C. 
Pollard and the other members of the Yale cyclotron 
group for their help in all phases of this experiment. 
Thanks are also given to Dr. Paul B. Daitch for several 
helpful discussions of the stripping theory. 


*C. D. Jeffries, Phys. Rev. 92, 1262 (1953). 
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Energy levels, nuclear moments, and relative deuteron reaction cross sections are calculated for Be® 
using a Rosenfeld central and a one-particle spin-orbit interaction. The level structure and the magnetic 
dipole moment are sensitive functions of the magnitude of the spin-orbit interaction. The best fit to the 
experimentally found spectrum is given at a value a/K=1.7 for the intermediate coupling parameter of 
Inglis and at K = 1.33 Mev for the Slater integral parameter. The 2.43-Mev state, in particular, is predicted 
to be 5/2—. The observed magnetic moment is fitted either in extreme jj coupling or once again at a/K = 1.7, 
Certain relative cross sections in the reactions B™(n,d)Be*® and B"(»,d)B* are calculated and found to be 


in agreement with experiment. 





1, INTRODUCTION 


ECAUSE of the low dissociation energy of Be’, a 

simple single-particle model has often been favored 
for its ground state.' This model finds the unpaired 
neutron moving in a predominantly central field 
supplied by the other nucleons, which themselves form 
an inert 'S» core. The same model has also been applied 
to the 2.43 Mev level, assigned a dy character by 
Longmire? Later measurements’ have indicated a 
width for this level which cannot be reconciled with a 
dy assignment, and recent determinations‘ of negative 
parity both for this level and the corresponding 2.37- 
Mev level in B® exclude such an assignment. Recently, 
moreover, several other low-lying levels in Be*® have 
been found,* and by now the spectrum is so complex 
that a one-particle model is quite inadequate for its 
description. A more complex model in which a neutron 
moves in the field of two alpha particles has been 
considered by Haefner,’ who predicts 5/2— for the 
2.43-Mev level. The full consequences of this “molec- 
ular” model have not been worked out. 

In this paper we give the results of an intermediate- 
coupling shell-model calculation. From the standpoint 
of energy levels this work is a refinement of the work of 
Inglis,* who drew curves of the intermediate-coupling 
behavior of energy levels by extrapolating between 
LS and jj limits. We have instead explicitly calculated 
energy levels and wave functions in the intermediate- 
coupling region. These wave functions have been used 
for the calculation of magnetic dipole and electric 


t This work was supported in part by the U. S. Atomic Energy 
Commission. 

1E. Guth, Phys. Rev. 55, 411 (1939); P. Caldirola, Nuovo 
cimento 4, 39 (1947). 

*C. Longmire, Phys. Rev. 74, 1773 (1948). 

*Van Patter, Sperduto, Huang, Strait, and Buechner, Phys. 
Rev. 81, 233 (1951); Browne, Williamson, Craig, and Donahue, 
Phys. Rev. 83, 179 (1951). 

*F. L. Ribe and J. D. S ve, Phys. Rev. 94, 934 (1954). 

*J. B. Reynolds and K. G. Standing, Phys. Rev. 95, 639(A) 
(1954). 

* For the experimental data see F. Ajzenberg and T. Lauritsen, 
Revs. Modern Phys. 27, 77 (1955). 

7 R. R. Haefner, Revs. Modern Phys. 23, 228 (1951). 

*D. R. Inglis, Revs. Modern Phys. 25, 390 (1953). See also 
Revs. Modern Phys. 27, 76 (1955). 


quadrupole moments, and also for the calculation of 
cross-section ratios for different excitations of the 
final-state nucleus in the reaction B"(n,d)Be® and its 
analog B'(p,d)B*. For the latter calculation ground- 
state wave functions for B™ are needed, and these 
wave functions we use also in investigating the moments 
of B” in intermediate coupling. 

Before discussing the explicit calculations we should 
remark that while, following Inglis, we have been 
willing to consider a shell model even for quite highly 
excited states, there is evidence that for some purposes 
this model may be inadequate. For example, many 
cases have been reported* where, in inelastic scattering 
even of high-energy particles, some of the low-lying 
levels are not observed, although the ground state and 
the 2.43-Mev level are always seen. Of course such 
processes involve highly excited states of an intermed- 
iate nucleus. Calculations for such reactions are beyond 
the scope of the present work, but it seems questionable 
whether these results can be reconciled with the use of 
shell-model functions for all the states occurring. 


TasLe I. Examples of normalized wave functions for the 
lowest T= 1/2 states of Be® with the J values shown, The numbers 
listed are the amplitudes for the multiplets in the first column, 
(For J=3/2, f= «, the exact values are of the form +(x/540)), 
where x= integer.) 


Jmi/2 





J =3/2 J =$/2 

LSTa f=-14 i -5.7 {-# f-14 {5.7 f-14 
=P(41) 0.929 0.756 0471 nee eee 0.991 
=D(41) -—0.335 —0.466 —0,322 0.950 0.732 tee 
=P (41) ves tee eos 0.262 0.500 
= P(32) 0.037 ~—0.074 —0.236 ree — 0,033 
22)(32) 0.078 0.252 0.385 0.066 0.168 . 
™P (32) vee tes oe —0,062 —0.158 
%P(32) 0.090 0.237 0.224 —0,098 —0.221 0.061 
%D(32) 0.045 0.088 0.136 0.075 0.192 0.102 
“PF (32) 0.031 0.140 0.228 ~0027 0.047 ree 
2§(311) tee vee tee — 0.033 
“S(311) ~—0.066 —0.203 —0.430 tee tee ree 
#D(311) 0.003 0.008 —0.086 0.001 —0.097 . 
4D(311) 0.033 0096 0136 -—0.068 —0.220 0.026 
spin’ 0.018 —0.042 —0.304 vee 0.023 
™P(221) 0.008 0.033 0.043 0009 0.107 0.003 
%* P(221) 0010 0077 0211 -—0006 —0.056 








1387 





FRENCH, 


HALBERT, AND PANDYA 





22 G 141) 


aon 


— 


itt ‘ 


EXCITATION ABOVE LOWEST LEVEL 


22y fo) . 
J: wry, 


y 4 





#2 141) 


Fic. 1. Intermediate 
coupling transition of 
energy levels for the nuclear 
configuration p*. Levels have 
T= 4 unless otherwise spec 
ified. Dots indicate values 
of the intermediate coupling 
parameter where eigenval- 
ues and eigenfunctions of the 
interaction energy matrix 
were calculated. Multiplet 
labels give the predominant 
character of the wave func- 
tions near the LS limit. The 
behavior in the jj limit is 
schematically indicated by 
the section to the right of 
the jagged line, where 
excitations of leve Is | belong- 
ing in this limit to the 
configuration p,° are shown 











3 
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2. ENERGY LEVELS 


We use for Be’ the configuration p* (thus restricting 
ourselves to the odd-parity levels) and for B™ the 
configuration p*. In company with many other authors® 
we adopt a combination of the two-particle central 


interaction of Rosenfeld,' 


0.1+-0.23e¢;-@2)J (ry), (1 


H (1,2) = 4°: 
and a one-particle spin-orbit interaction, 
H,..(1)=a(r;)8;-h. (2 


Then J(ri2) e the two well-known 
parameters L and K," =6.1K." 
free parameters remain, namely K and the intermediate 


a is the average 


only by 


ters 
and we assume L Two 
coupling parameter {=a/K, where 
value of a(r 

The general procedure is well known and is described 
by Auerbach and French.” We construct the Hamil- 
tonian matrix for a definite J, T pair and then find its 
lowest few eigenvalues (energy values) and the corre- 
sponding eigenvectors. As in 13, we use LS wave func- 


ferences on intermediate coupling see reference 


* For a list of re 
13 below 
*L. Rosenfeld, 


Nuclear Forces (North-Holland Publishing 
Company, Amsterdam, 1948) 

use Feenberg — M Phillips, Phys. Rev. 51, 597 (1937 

8H. H. Humme! 1 D. R. Inglis, Phys. Rev. 77, 736 (1950 


3 T. Auerbach and 1] B. French, Phys. Rev. 98, 1276 (1955). 


tions for the matrix representation, and consequently 
the eigenvectors appear as a sum of functions with 
definite L, S, and space symmetry a. The coefficients 
in the expansion for a given eigenvector we call K (JT, 
yaLS), where y is a parameter distinguishing between 
two or more multiplets of the same a, L, and S. [This 
label is needed for the B" functions, where there occur 
two "D multiplets with space symmetry characterized 
by the partition (42).] In order to explore the region 
between LS and jj coupling, eigenvalues and eigen- 
functions are found for matrices corresponding to 
several values of the parameter. From the purely 
arithmetical point of view the problems involved are 
not trival because of the large size of the matrices 
encountered—up to 13 by 13 in the present case. The 
matrices themselves along the eigenvalues, 
eigenvectors, and other numerical details are contained 
in unpublished reports.'* Some wave functions for the 
lowest T=} states of Be’ are listed in Table I. 

Figure 1 shows the energy levels which result from this 
The excitation in units of K is plotted 
levels arising from the first four doublets 
lowest T= Besides these we 


with 


procedure. 
versus ¢ for the 


and also the 3 level. 


“4 French, Halbert, and Pandya, U 
sion Report NYO-7133, 1955 (unpublished 
with those for other p-shell nuclei, are given by 
U. S. Atomic Energy Commission Report NYO-7135, 
(unpublished). 


S. Atomic Energy Commis 
The matrices, along 
M. E. Mandl, 
1955 





INTERMEDIATE COUPLING 


indicate the LS limits and slopes of the other two 
multiplets which in LS coupling lie below the T=} 
level. In extreme jj coupling ([=@), the lowest 
T=3(J=%) level and one T=} level each for J=}, 
3, 5/2, and 7/2 belong to the (p;)~* configuration. The 
other T=} levels belong to a higher configuration and 
consequently their excitation energy in units of K 
increases without limit as f+. The jj energy levels 
for (p,)~* have been taken from a paper by Kurath."* 

Figure 2 shows the known levels up to 15 Mev. The 
position of the first T=} state is not known but a mass 
comparison with Li? indicates its position to be 15 Mev,"* 
and we adopt this value. The 2.43-Mev level has 
negative parity, }< J <9/2,‘ and a width [<3 kev.’ 
For the other levels we have T'(4.8 Mev)~1 Mey, 
I'(1.8 Mev) <400 kev, I'(3.1 Mev) <300 kev."” 

Since only one J value and two parity values are 
known, one needs a certain amount of optimism in 
specifying a best value of £ as determined by comparison 
of the curves in Fig. 1 with the known spectrum. But 
if we assume that the 1.8-Mev level has negative parity 
(and that there are no undiscovered negative parity 
levels below 2.43 Mev), then a value for ¢ of about 1.7 
is the only choice which can give reasonably good 
correspondence between our theory and the observed 
spectrum. The other alternative would be to place the 
lowest $— level above the 2.43-Mev level, but in this 
case we find rather poor agreement with the observed 
spectrum. Besides, as will be seen later, the magnetic 
moment calculation also favors a small value of ¢. We 
thus adopt the value {=1.7 and then, determining K 
to fit the 2.43-Mev level, make the comparison of 
theory with experiment as given in Fig. 2. 

Our choice of parameters satisfactorily predicts the 
first T= level at 15.2 Mev,'* a §— level at 4.2 Mev 
which we would associate with the observed 4.8-Mev 
level, and above this two levels arising from the 
inverted F doublet which could correspond to the 
observed levels at 6.8 and 7.9 Mev. The latter corre- 
spondence is not particularly good and could perhaps 
be improved by variation of some of the parameters; 
on the other hand many effects, in particular interaction 
with other configurations, can seriously perturb the 
positions of higher levels for a given T value. On this 
account too (and also because it is probable that all 
the high levels below 15 Mev are not known), we 
prefer not to take seriously the predicted levels which 
arise from the three highest 7=4 multiplets of Fig. 1. 
We point out too that we have omitted consideration 
of the Ehrman-Thomas” correction to the level 

4D. Kurath, Phys. Rev. 88, 804 (1952). 

%F. Ajzenberg and T. Lauritsen, Quarterly Progress Report 
No. 4, Appendix B, Boston University, Department of Physics, 
September 1954 (unpublished). 

17 Moak, Good, and Kunz, Phys. Rev. 96, 1363 (1954); Almqvist, 
Allen, and Bigham, Bull. Am. Phys. Soc. 30, No. 3, 31 (1955). 

18 We are indebted to Dr. D. R. Inglis for suggesting that we 
should consider the first T= 3/2 state. 


” J. B. Ehrman, Phys. Rev. 81, 412 (1951); R. G. Thomas, 
Phys. Rev. 88, 1109 (1952). 
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Fic. 2. Comparison of the observed level scheme with the 
theoretical spectrum for {= 1.7 and K= 1.33 Mev. 


positions, and this could be of consequence expecially 
for the broad levels. The one major discrepancy between 
prediction and observation is that we do not predict a 
level at 3.1 Mev; this level would then presumably be a 
positive parity state not belonging to the p* configura- 
tion. As a curiosity we point out that if later measure- 
ments do indeed indicate a coupling scheme close to 
the LS limit as above, it could be particularly interesting 
to see whether the F doublet levels are inverted, for 
probably not all forms of spin orbit coupling will 
predict this inversion. 

None of the assignments made above is incompatible 
with known data about the level widths. The 2.43-Mev 
level would decay by /=3 neutrons to the ground state 
of Be® with a maximum Wigner limit width” of about 
1 kev. If the shell model is at all valid, we would in 
fact expect an actual width much less than this because 
of the small probability of finding an f neutron in Be’. 
It is difficult to give limiting values for the widths of 
the 1.8-Mev and 4.8-Mev levels, for in the first case 
the available energy of decay to the ground state of 
Be® is comparable with the level width, and in the 
second case the same is true for decay to the 2.90-Mev 
level in Be*. Rough calculation, however, indicates that 


" ‘®E. P. Wigner, Am. J. Phys. 17, 99 (1949). 
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Fic. 3. Excitation of lowest J=1 level above lowest J =3 
level for B” in intermediate coupling 


the assignment given is satisfactory for the 4.8-Mev 
level and probably so for the 1.8-Mev level 

We remark now on the magnitude of the Slater 
integral parameter A. At {=1.7, a value K=1.33-Mev 
places the lowest J = 5/2 level at 2.43 Mev. The values 
of K found by Inglis for nuclei with A =6, 7, 8, 10 are 
in every case between 1.2 and 1.4 Mev, so that we have 
agreement. We that, if 
assumes that the Li’—Be’ mass difference properly 
predicts the position of the first T=} level, an interpre- 
tation of Be’ near the j7 coupling extreme is unfavored 
} state at 15 Mev there, requires a 
This last 


here satisfactory note one 


because to fit a 7 
large value of K (2.2 Mev in the jj limit). 
point will be of interest later in connection with the 
discussion of magnetic moments. 

For analysis of the deuteron reactions, the wave 
function for the ground state of B® will be needed. 
We use here the same interaction and the same values 
of L and K as for Be’, and consider the first two states 
of B". As has been emphasized by Zeldes," who has 
given explicit calculations for these two levels, there is a 
critical value of ¢ below which the theoretical ground 
state has J=1, in contradiction with the experimental 
determination of J/=3. From the plot in Fig. 3 of the 
excitation of the /=1, T=0 level we find this critical 
value to be ¢=3.0. The experimental value, 0.72 Mev, 
of the excitation is fitted at {= 3.6. 


3. MAGNETIC DIPOLE AND ELECTRIC 
QUADRUPOLE MOMENTS 
The magnetic moment may be written as the sum 
of an orbital part and a spin part. For the configuration 
l* these terms are given in terms of Racah coefficients 
W (abcd ; ef), coefficients of fractional parentage 


(yaLST yim LST; 


* N. Zeldes, Phys. Rev. 90, 416 (1953 
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and Clebsch-Gordan coefficients (j;j2mymz2| jm) by 
t= 4}nyo(J +1)-'(—1)-201+1) (2/+1) 
xJI(J+1)(2J+1)}) & K(JT,yaLS) 


yaLS 
a L's’ 


XK (JT ya’ L’S’)bss:(—1)§[(2L+1)(2L’+1) }§ 
XW (JILL’ 1S) , (yaLST ¥10,L,S;T, ) 


yrolsSiT; 
x (y'a’ L’S'T | ya L4S:T;)(—1)™ 
XW (ULL AL: [(1+F(7,T.,T:)], (3) 
us= }nyo(J +1) (—1) +4 (J +1) (2J+1) }! 
x ¥ KUT yalS)K (JT ye'L'S’ oi 
yaLS 
vals’ 


x (—1)5+8+20 (28-41) (25’+1) PW (JISS’ 1L) 


ie 


yraulSiTi 


x 7 ‘a’ L'S'T ¥ ya LS) T; 


(yaLST | yy, LST; 


(—1)-51 
XW (44ASS’ AS) (ga+gp) 

—(gn—gp)F(T,T.,71)], (4) 

where we use a positive 7, to indicate proton excess and 


F(T,T,,T;) = (—1)™*7=-4(2T+1) 
Xv2(TT—T7,T,|10)W(447TT;1T7)). (5) 


Here g, and g, are the nucleon gyromagnetic ratios. 
Expressions which are equivalent to the above have 
already been given by Lane.” The fractional parentage 
sums may in fact be carried out immediately for 
those terms which do not have F as a factor. These 
terms, arising from the isotopic spin independent part 
of the magnetic dipole operator and therefore depending 
upon the expectation value of L, and S,, are calculable 
immediately in terms of a Landé g factor. They contribute 
to w a part 


iHo(1+gntgp)J+3(J+1)\(1—gn— gp) 


X ¥ [KT ,yalS)PLL(L+1)—S(S+1)]. (6) 


J 
yaLS 


Since F(0,0,7,)=0, the expression (6) is the total 
moment for T7=0 levels. 


TaBLe II. Quadrupole moments in units of e(r?) for Be® and 
B® in intermediate coupling 





f 0 14 28 3.8 


“Be 6/25 043 043 O41 
B® 0 0.71 0.71 0.68 





2A. M. Lane, Proc. Phys. Soc. (London) A66, 977 (1953) 





INTERMEDIATE 


Figure 4 shows the variation of uw with ¢ for Be’. 
For B" the values of u/s obtained for the /=3, T=0 
state at ¢=0, 1.4, 2.8, 3.8, 5.7, and © are 1.88, 1.85, 
1.81, 1.79, 1.78, and 1.88 respectively. (Since the J=1 
state lies lowest for (<3, the first three values listed 
are of academic interest only.) Here yu is not a sufficiently 
sensitive function to determine an optimum value of ¢, 
but the value of 3.6 which we have adopted for B® does 
give satisfactory agreement with the experimentally 
observed y= 1.80u0." For Be’, Fig. 4 shows that u is 
quite sensitive to ¢: we may take ¢ either quite large 
(close to jj coupling) or once again about 1.7, which 
we already favor for the level structure. The Be’ 
magnetic moment is a good example of the fact that LS 
and jj values for » and other quantities do not always 
give a trustworthy indication of the actual coupling 
scheme. 

The quadrupole moment for the configuration /* is 
given by 


Q= bne(r?) (214-1) (2J +1) (U00| 20) (JJ —JJ | 20) 
X SY K(JTwyalS)K(JTya'L'S’)(—1)§ 


yaLS 
a'L'S’ 


Xdss-[ (2L+1)(2L'’+1) }!W (JILL’: 2S) 
xX > (yaLST y101151T 1) 


ylsSiT: 
XK (y'a’ LST | ya LST ;)(—1)“W ULL’: 21)) 


X(1+F(T,T.,T:)], (7) 
where ¢ is the protonic charge and (r/) is the average 
square of the radial distance for a single particle with 
angular momentum /. The experimental values given 
(in units of eX 10-* cm’) are 0.02 for the Be’ nucleus™ 
and 0.06 for the B” nucleus,”® but in each case the 
uncertainties are very large. Table II gives in units of 
e(r?) the calculated results for both nuclei, where as 


TaBLe III. S=the factor by which the single-particle deuteron 
pickup cross section increases on considering all the /-shell 
nucleons. S is for the ground state reaction and S* for the reaction 
to the lowest J =5/2— state, which in Be® we associate with the 
2.43-Mev level. The factors are given for various values of the 
intermediate coupling constants of both nuclei. For ¢(Be*)= 1.4, 
¢(B”) = 3.8, we have also, for the reaction to the second J = 3/2— 
state, S** =0.035. 








S/S* 


0.0007 
0.87 
0.90 
0.88 
0.82 
1.08 


f (Be*) $(B™) 5S 


0.0012 
1.18 
1.12 
1.09 
1.03 
1.03 





% For the references to the experiments on the magnetic mo- 
ments see the article by N. Ramsay in E. Segré, Experimental Nu- 
clear Physics (John Wiley & Sons, Inc., New York, 1953), Vol. 1. 

* Gordy, Ring, and Burg, Phys. Rev. 78, 512 (1950). 

% W. D. Knight, Phys. Rev. 92, 539A (1953). 
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Fic. 4. Magnetic dipole moment of Be’ in intermediate coupling. 
The theoretical value of w/o is —1.18. A satisfactory fit is found 
at f¢=1.7 or near f=, 


before we consider always the J=3, T=0 state for 
B”. For any reasonable value of (r?), we have results 
not in disagreement with experiment for the values of 
¢ listed. 

Finally we remark (once again as a matter of aca- 
demic interest) that the zero value for Q of B” in the LS 
limit comes about because the p shell is half-filled in 
this case. However, for /=3, T=0 the p* configura- 
tion has two multiplets of the type “D(42), and for 
our choice of the central force these are almost degen- 
erate in the LS limit, being separated by an amount 
0.008K. This has the consequence that a very small 
admixture of spin-orbit force changes the character of 
the wave function radically, and with it the size of the 
quadrupole moment. 


4. DEUTERON REACTIONS 


The relative cross sections for deuteron pickup or 
stripping reactions from a single target nucleus to a 
series of final levels is in some cases calculable as a 
function of the intermediate coupling parameters of 
the two nuclei involved.“ Using the procedures of 
reference 13 we consider the pick-up reaction from the 
lowest J=3, T=0 state of B® to the lowest J=§ and 
J =5/2 levels of Be’ or B®. We define S (or S* for the 
excited state) as the factor by which the cross section 
for the single particle model increases when we take 
account of the many particle nature of the wave 
functions involved. In the notation of reference 13, 
we have S=n}_,8,’, and an explicit form is given there. 

Values of S and S* are given in Table III for several 
choices of the intermediate coupling parameters. Near 
the LS limit, S varies very rapidly with ¢(B") because, 
as discussed earlier, the composition of the B” wave 
function near the LS limit varies very rapidly. Apart 
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from this, it is clear that S/S* is not a sensitive function 
of the two ¢’s. The most reasonable way, then, to make 
use of the information on deuteron reactions is simply to 
compare the experimental results with the predictions 
at the ¢ values which are already favored by other 
The last entry in Table III is for the 
tne 


considerations 
¢ values 1.4 and 3.8, which are the closest to 
favored values for which we have explicit wave 
functions 

There are two experiments available. The B'(n,d) Be’ 
experiment with 14-Mev neutrons has been done by 
Ribe and Seagrave,‘ who measure the differential cross 
sections to the ground state and to the 2.43-Mev state. 
Choosing ro=4.5X10-" cm and 6=23°, and taking 
account of the kinematic factors, we find S/S*=0.62 
X (da/do*). value incidentally is not very 
sensitive to ro; it varies about 5% for 4K 10~" <r, < 4.9 
<10-" cm). From Figs. 6 and 7 of Ribe and Seagrave 
we then derive as the experimental value S/S*=1.0 
+0.15. 

The conjugate experiment B'°(p,d)B* has been done 
with 17.5-Mev protons. 


(This 


by Reynolds and Standing” 
With ro=4.5X10-" cm, as favored by them, we have 
at 24° the ratio S/.S* - and then, using 
the experimental ratio, we have S/S*=1.08+0.13. 

In both cases the errors attached to these values are 
based on the errors in the values of the experimental 


0.65(da/do* 


cross sections and do not include any estimation of the 
error arising from the theory (as, for instance, the error 
involved in ignoring the fact that part of the observed 
cross section is due to compound nucleus and inter 
ference terms). 

It isclear that there is satisfactory agreement between 
the two experiments and with the calculated value 
S/S*=1.08. There is also available, however, some 
negative information: in the B(n,d)Be’ experiment 
no other level up to 5.5 Mev was observed, and in 
particular an upper limit of 5% of the ground state 
reaction cross section is given for the cross section of a 
reaction terminating in an undetected level near 1.5 
Mev. The } 
level is 


assignment given above to the 1.8-Mev 
consistent with this, for the reaction would 
involve an /= 3 neutron. The relative magnitude of this 
reaction is not calculable within the framework of the 


present theory, which restricts the configuration of the 
nuclei to p* and therefore gives nonzero cross sections 


wunication from J. B. Reynolds. Only a brief 
reference 


* Private cor : 
abstract concerning this work has been published ( 
5 above) 
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only for an /=1 momentum of the free particle. But 
since the contribution of functions with mixed config- 
urations like p*"'f is presumably small for low-lying 
states, a generalization of the present theory would 
presumably give a very small cross section for a reaction 
involving an /=3 neutron. Similarly, the assignment 
of positive parity to the 3.1-Mev state is consistent 
with a very small relative cross section for the reaction 
leading to it, since an even value of / would be required 
for the free particle. 

There remains then the 4.8-Mev level, which we 
regard as the second §— level and which is not observed 
in the (n,d) reaction. In this case we find on calculation 
the very small value 0.035 for S**; we then predict for 
the relative cross-section for this level compared with 
the ground state the ratio do**/do=0.29S**/S =0.01. 
Thus the present theory satisfactorily predicts that this 
level should not appear in the pickup reaction.”’ 


5. CONCLUSION 


The intermediate coupling theory gives a self-consist- 
ent picture of Be’ and enables us to make rather definite 
predictions concerning the spins and parties of many 
levels. Rather surprisingly the results seem to favor 
a coupling scheme which is quite close to the LS limit. 
One could extend the investigation further, for example 
by allowing a different ratio between the Slater integrals 
L and K, by varying the form of the interparticle 
interaction, or by taking’account of other configura- 
tions. There seems however, little advantage in such a 
procedure until it becomes clear whether or not the 
level scheme which is predicted has any resemblance to 
the actual scheme. To this purpose measurements of 
widths, parities, and spins in either Be* or B® are very 
badly needed. 
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sions 


77 This level as well as the levels below it are observed by 
Almavist ef al. (see reference 17 above) in the reaction B™ (t,a)Be* 
which in the case of a pick-up reaction is analogous to B”’(n,d)Be’. 
However, the observations are made at 90° and it is unknown 


whether a pickup process is being observed 
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Proton-Neutron Threshold Measurements 
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New values for the ($,") thresholds of N“, Mg**, Mg**, Cu®™, and Cu® are, in corresponding order, 
377648, 5289+25, 5200+10, 421348, and 217045 kev. The value given for Mg™ is for the transition to 
the first excited state in AP*. In the process of providing an energy calibration curve for the magnetic 
analyzer of the Oak Ridge National Laboratory 5.5-Mv Van de Graaff, it was found that the resonances in 
the F"(p,a7)O"* reaction reported by others at 1355 and 1381 kev actually occurred at proton energies of 
134742 and 1374+2 kev, respectively. Previous measurements on the (p,m) thresholds of F®, Na™, and 
AF", which were based in part on these resonances as calibration points, have been repeated, giving 424028, 


5053410, and 5792410 kev, respectively. 





L INTRODUCTION 


HRESHOLD energies for (p,") reactions are 

often sufficiently well defined to make them useful 
for energy calibration points for electrostatic generators, 
and they are of basic interest in the establishment of 
mass differences and in some cases will complete the 
cycling process'? used to obtain nuclear reaction mass 
values. Such data also furnish values for the transition 
energies’ available in 8* and electron capture processes 
and the Coulomb energy differences between isobaric 
neighboring nuclei. The occasion of a recent recheck 
of the energy calibration of the 5.5-Mv Van de Graaff 
at the Oak Ridge National Laboratory has led to new 


and slightly modified values for some of the (p,n,) 
thresholds that had been previously measured here and 
elsewhere, and to some new threshold determinations. 
The results are here briefly presented. 


Il. EXPERIMENTAL METHOD 


Monoenergetic protons were produced by magnetic 
analysis of the beam from the electrostatic generator. 
The beam enters the magnet through entrance slits set 
3 mm apart, is deflected through 90° (in a vertical 
plane) with a radius of 37.7 cm, and leaves the magnet 
through similar exit slits set 1.5 mm apart. Measure- 
ments on the narrow Al*’(p,y)Si** resonance at 993.3 
kev‘ indicate that the resolution of this setting is about 
0.07 percent, or a factor of two better than the calcu- 
lated resolution. 

A proton energy scale had been obtained in the past*~’ 
by calibrating the current supplied to the magnet coil 
relative to the known F"(p,cry)O" resonances,* taken 
as standards. The three beams (H;*, H2*, H3*) gave 31 
calibration points ranging from 340.4 kev (mass one) 
to 5524 kev (the “1381’’-kev resonance on mass two). 

1 Li, Whaling, Fowler, and Lauritsen Phys. Rev. 83, 512 (1951). 

*C. W. Li, Phys. Rev. 88, 1038 (1952). 

+R. W. King, Revs. Modern Phys. 26, 327 (1954). 

4 Herb, Snowdon, and Sala, Phys. Rev. 75, 246 (1949). 

‘Willard, Bair, Kington, Hahn, Snyder, and Green, Phys. 
Rev. 85, 849 (1952). 

* Willard, Kington, and Bair, Phys. Rev. 86, 259 (1952). 

7 Kington, Bair, Carlson, and Willard, Phys. Rev. 89, —¢ 

* Chao, Tollestrup, Fowler, and Lauritsen, Phys. Rev. 79, 108 
(1950). 


Saturation effects in the magnet make this method 
somewhat unsuitable in terms of reproducibility. 

Recently a nuclear resonance instrument® has been 
installed to determine the magnetic field directly. The 
magnetic field strength can be read to better than one 
oersted. A receiver,” used in conjunction with this 
instrument to measure the frequency, is accurate to 
better than 0.01 percent in the range of interest. The 
proton energy E should be related to the measured fre- 
quency f by the expression 


E(Q+E/2M2) =kf?, (1) 


where Mc? is the proton rest energy and & is a constant. 
The value of & was determined, subject to the knowledge 
that it might actually vary with field strength because 
the probe was placed a small distance from the proton 
path through the magnet, and consequently the rela- 
tionship between the field strength might be disturbed 
by saturation effects. 

A calibration was obtained by detecting the known 
(p,m) thresholds of H* at 1019 kev" (masses one and 
two), Li’ at 1881.4 kev™ (masses one and two), Be® at 
2058 kev™ (masses one and two), B" at 3015 kev” 
(mass one), and C® at 3236 kev™ (mass one). In addi- 
tion, some of the previously used F"(p,ary)O"* reso- 
nances*® (masses one, two, and three) and the Al*’(p,7)- 
Si** resonances at 993.3 kev* (masses one and two) were 
measured. 

Neutrons were detected by a Bonner and Butler“ 
type counter located at 0° with respect to the proton 
beam. The response of this counter is such as to enhance 
the efficiency for detection of the low-energy neutrons 
emitted at threshold. Gamma rays were detected with 
a conventional 1} inch by 1 inch NaI(T1) crystal. 

Calculated values of k (Eq. 1), derived from the 
measured frequencies, are plotted in Fig. 1 as a function 

* Laboratory for Electronics, Inc., 75 Pitts Street, Boston, 14, 
Massachusetts 

*® Model 51J-3, Collins Radio Company, Cedar Rapids, Iowa. 

4“ Taschek, Argo, Hemmendinger, and Jarvis, Phys. Rev. 76, 
325 (1949). 

# Jones, Douglas, McEllistrem, and Richards, Phys. Rev. 94, 
947 (1954). 


4 Richards, Smith, and Browne, Phys. Rev. 80, 524 (1950). 
“ T. W. Bonner and J. W. Butler, Phys. Rev. 83, 1091 (1951). 
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of equivalent (in the case of mass two or three) proton 
energy. All points except the F"(p,ay)O"* resonances 
at 1355 and 1381 kev fall on the smooth curve shown, 
within their limits of error. Since the F"(p,ay)O"* data 
were repeated several times in complete cycles with 
the same TaF; and CaF; targets, it is concluded that 
the energies of these resonances should be 1347+2 and 
137442 kev in order to plac e these two points on the 
curve. Recent measurements at the California Institute 
of Technology are in good agreement with these new 
values."® 

Since several previous 
were Lased in part on the incorrect values of 1355 and 
1381 kev for these F"(p,ry)O"* resonances, new data 
were obtained for F"(p,n)Ne”, Na™(p,n)Mg™, and 
Al" (p,n)Si”. In addition, the thresholds for the 


threshold measurements® 


%C. A. Barnes, Phys. Rev. 97, 1226 (1955). 
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PROTON ENERGY (Mev 


Experimentally determined values of the “constant” & relating equivalent proton energy and measured frequency 


strength 


N¥(p,.n)O¥, Mg®(p,n)Al®, Mg*(p,n)Al***, Cu™(p,)- 
Zn®, and Cu®(p,n)Zn® reactions were obtained. 

Targets of N*, enriched to 64.5 atom percent,'* 
were made by depositing a thin layer of lead nitrate 
onto 7-mil tantalum disks. Mg™, enriched to 92.33 
percent, was supplied by the Stable Isotopes Division 
of this laboratory.” Thick targets were obtained by 
pressing the oxide form into a 12-mil lead sheet. Thin 
targets of the metal were made by reduction and 
evaporation from Ta in vacuum.'* Mg* targets, in 
natural abundance, were made by smoking 5-mil 
aluminum disks with magnesium metal to form thin 
layers of MgO. Thin metal targets were made in a 
similar manner to those of Mg*. Cu®, enriched to 99.11 
* Supplied by Eastman Kodak Company 

‘On authorization from the Isotopes Division, U. S. Atomic 
Energy Commission 

* Russell, Taylor, and Cooper, Rev. Sci. Instr. 23, 764 (1952). 
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percent and also supplied by the Stable Isotopes 
Division, in the oxide form, was dissolved in nitric acid, 
baked onto a 7-mil disk of tantalum with a heat lamp, 
and quickly placed in the vacuum system. Thin targets 
of the metal were made by reduction and evaporation 
of the oxide by Ta in vacuum. Cu® targets were made 
by evaporating electrolytic copper (natural abundance) 
onto 7-mil tantalum disks. Targets of F®, Na®, and Al” 
were prepared as described previously.*~? 


Ill. RESULTS 


New values of the F, Na®, and Al” neutron thresh- 
olds have been compared in Table I with the earlier 
data, and the earlier data corrected for the new values 
of 1347 and 1374 kev for resonances in F"(p,ay)O"™. 

Table ITI lists in column 1 all reactions studied, with 
the measured thresholds given in column 2. The cor- 
responding Q values, shown in column 3, are in agree- 
ment with other measurements tabulated in column 4 
as 0’. 

Nuclear disintegration energies compiled by Van 
Patter and Whaling” have been used, where possible, 
to obtain the (p,m) reaction energy by a closed cycle 
process. In addition, the Si**(d,a)Al* value of 1.416 
+0.008 Mev” has been used. The results Q” appear 
in column 5. Agreement is obtained in all cases with the 
exception of Mg*®* where the discrepancy is 224 kev. 
However, recent data*™ show that there is an isomeric 
level in Al** at 219+13 kev above the ground state 
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Taste I. (p,m) threshold energies. 

















Threshold energy as previously 
determined Threshold 
Modified to energy as 
new values redetermined 
of F®(pyry) in the present 
Quoted value resonances work 
Reaction Mev Mev Mev 
F"(p,.n)Ne* 4.2534-0.005* 4.243 4.240+0.008 
Na®(p,n)Mg™ — 5.090-4.0.010" 5.061 5.053.0.010 
AF"(p,")Si? 5.819+0.010° 5.789 5.792+0.010 
® See reference 5 
> See reference 6 
* See reference 7 


which decays with a 3.20+0.05 Mev positron. This 
information, coupled with the high spin value (J=5) 
of the ground state of Al**, leads to the conclusion that 
the observed threshold is for neutron emission to the 
first excited state of Al**. 

Peaslee* has shown that the Coulomb energy dif- 
ferences of light nuclei can be represented by the 
equation 


(2) 


where 6 is an exchange term. Values of AZ,, calculated 
using his values for the constants a and 8, are shown in 
column 6. The agreement with the measured values 
(—Q) is quite good. 

Carlson and Talmi* have studied the pairing effects 
in the Coulomb energies of mirror nuclei. The results 


AE.= aZ/A'!+6, 


TaBLe II. (p,#) threshold energies and related data. 























1 2 3 4 s 6 7 ~ 9 10 
Beta disin- 
—Q derived tegration Beta-disin- 
Observed —Q from from closed Coulomb ony J tegration energy M dif 
threshold threshold cycle reac- energy dif- ro ues of from beta-ray — if- 
energy Ew -Q measurements tions —Q” ference AE. (10°% — 3 spectra SEg’ erence 
Reaction (Mev) (Mev) —Q (Mev) (Mev) (Mev) cm) SEg (Mev) ev) (Mev) (amu) 
N'*(p,n)O0"" 3.776 +0.008 3.539 3 5040.04 3.44 1.29 1.735 1.683 420.005 2.76 0.00296 
1.68 
F"(p,n)Ne*® 4.240 +0.008 4.027 4.023* 4.20 1.26 2.223 2.18 20.038 3.25 0.00349 
23 201 
Na™(p,")Mg®™ 5.053 +0.010 4.841 50 +0.1» 4.9420.2 4.90 1,22 3.037 2.95 40.07" 4.06 000446 
2.99 +0.09' 
Mg™(p,»)Al** 5.289 +0.025 5.084 5.03 40.07 4.98 1.22 3.280 3.1720.15) 4.30 0.00462 
Mg" (p,n)APh* 5.200 +-0.010 5.006 5.1 +0.1¢ 4.78 +0.03 5.06 3.202 3.20 +0.05* 4.23 0.00454 
Al" (p,n)Si” 5.792 +0.010 5.584 5.71401» 5.29 40.21 5.57 1.20 3.780 3.76 +0.08* 480 0.00516 
5.44 
Cu®(p,2)Zn® 4.213 +0.008 4.147 4.149 +0.002* 2.343 2.3% +004! 3.37 000362 
2.320 40.005" 
Cu®(p,5)Zn™ 2.170 +-0.005 2.137 2.13% +0,002* 0.333 0.324 4+-0.002* 1.36 0.00146 
* J. B. Marion and T. W. Bonner (private communication). * Hunt, Kline, and Jaffarano, Phys. Rev. 95, 611(A) (1954). 
> Blaser, Boehm, Marmier, and Scherrer, Helv. Phys. Acta 24, 465 'D. J. Jaffarano and F. 1. Boley, Phys. Rev. 84, 1059 (1951). 
(1951). i Hunt, Jones, and — Proc. Phys. Soc. A67, 479 (1954). 
¢ Schneider, Martez, Sampert, and Sutter, Helv. Phys. Acta 27, 172 * See reference 21 of t 
1954) ' Huber, Medicus, Peek, and Steffen, Helv. Phys. Acta 20, 495 


4P.c. Gugelot, Phys. Rev. 81, 51 (1951). 

¢ H. Brown and V. Perez-Mendez, Phys. Rev. 78, 649 (1950). 
* Scherr, Muether, and White, Phys. Rev. 75, 282 (1949). 

* G. Schrank and J. R. Richardson, Phys. Rev. 86, 248 (1952). 


(1947). 
= A. O. Townsend, Proc. Roy. Soc. (London) A177, 357 (1941). 
® See reference 3 of text. 


DD. M. Van Patter and W. Mery Revs. Modern Phys. 26, 402 (1954). 
1954 


» C. P. Browne, Phys. Rev. 95, 860 ). 
*% Kavanagh, Mills, and Sherr, Phys. Rev. 97, 248 (1955). 
2D. C. Peaslee, Phys. Rev. 95, 717 (1954). 
* B. C. Carlson and I. Talmi, Phys. Rev. 96, 436 (1954). 
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of their analysis, when applied to the present data, 
give a smooth variation in the rms radius of the nuclear 
charge distribution. The value of ro>= R/ A? is listed in 


12 


column 7 (in units of 10-" cm 

The energy available for § disintegration can be 
obtained by subtraction of 1.804 Mev from the Q 
values as has been done in column 8. Comparison with 
the measured values shown in column 9 indicates a 
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large difference in the case of O° as measured by Brown 
and Perez-Mendez. It is not felt that any systematic 
error in our measurements could explain this large a 
discrepancy. In all other cases the agreement is quite 
satisfac tory. 

Column 10 lists the calculated mass differences 
between product and target nuclei, both in Mev and 
amu. 
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Electron Scattering on Tungsten at 31, 40, and 60 Mev 
R. W. Pupp anv C. L. Hasarer 
Randali Laboratory of Physics, University Michigan, Ann Arbor, Michigan 
Received April 8, 1955 
The cross section for electron scattering by heavy nuclei is model indepe ndent at energies below *) Mev 
The angular distributions of electrons scattered by tungsten at 31, 40, and 60 Mev are self-consistent and 


to (1.18+0.10 


model radius equal 


INTRODUCTION 


HE angular distributions of electrons scattered by 
tungsten nuclei have been measured at incident 
electron energies of 31, 40, and 60 Mev. Experiments at 
the two lower energies previously reported' have been 
repeated with improved apparatus. All the results are 
1.18+0.10 in the ex 


nuclear 


ith a radius of r 
R=rA'XK10 


charge distributior 


Diffraction effects in electron scattering by nuclei 


consistent W 


cm for a uniform 


pression 


become important at incident electron energies above 
10 Mev. The first 
at 15.7 Mev, 
ro= 1.2+0.1 
sequent measurements at much higher energies, 84 to 
183 Mev, by Hofstadter ef al.,? gi 1.2+0.1 
distribution modified by 


experiments performed in this range,” 


established a nuclear charge radius 


1 


for a uniform charge distribution. Sub 
ve a radiusr 
for a uniform nuclear charge 
a fall-off in charge density 

While the hi data contain more detailed 
information concerning the nuclear electric charge dis- 
tribution, considerable in 
energy The charge distributi 
measured by S-wave scattering may be more directly 
* with the results of complementary experi- 


near the nuclear surface. 
gner energy 
there interest medium 


is 
electron scattering. yn 
compared‘ 
ments such as those on the isotope shifts, the optical 
spectra of mu-mesic atoms, and the energy differences 
between mirror nuclei pairs. Also, it is important that 


the results of electron scattering experiments be con 


sistent at all energies. The differences among all radius 
! Pidd, Hammer, and Raka, Phys. Rev. 92, 436 (1953 
* Lyman, Hanson, and Scott, Phys. Rev. $4, 626 (1951 
* Hofstadter, Hahn, Koudsen, and McIntyre, Phys. Rev. 95, 
S12 (1954 
*K. W. Ford and D. L. Hill, Phys. Rev. 94, 1630 (1954) 
*L. M. Cooper and E. M. Henley, Phys. Rev. 92, 801 (1953 
* V. L. Fitch and J. Rainwater, Phys. Rev. 92, 789 (1953) 
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10-8 cm 


measurements by electron scattering are no larger than 


the experimental error, about +10%. 


APPARATUS 


Che apparatus for the detection of electrons scattered 
from the internal synchrotron beam has been reported 
in a previous article.! The circulating beam is scattered 
by a target placed in a straight section of the syn- 
chrotron vacuum chamber. A fixed detector for scat- 
tered he incident beam intensity, 
and a movable detection system on the opposite side of 
the chamber is used to measure the angular distribution 


tr 
ul 


eiectrons monitors t 


of scattered electrons. Each detection system includes 
a magnet analyzer. There are some important modi- 
fications of this system which 


The Geiger counter telescopes used in the earlier 


are described below. 


experiments have been replaced by single Cerenkov 
counters. These are constructed by fixing a truncated 
Lucite cone against the cathode face of a 5819 photo- 
multiplier tube with an oil seal between the lucite and 
the glass enveloped. The Lucite cone is four inches long 


with a j-inch diameter front face and a 1}-inch diameter 
base. The peak signal voltage is about 10 times the 


peak background voltage, which is due principally to 
the x-ray flux at the counter. A very low counter sensi- 
tivity to radiation below 5 Mev and good counter 
shielding, about 10 radiation lengths of lead, combine 
to give a signal-to-background counting ratio of 1000 
to 1 in typical operation. This is a very large improve- 
ment over gas counters which are sensitive to degraded 
radiation transmitted by any practical shielding system. 
Pulse height distribution data are shown in Fig. 1 for 
nearly monoenergetic electrons at 31, 40, and 60 Mev. 
The amplifier gain setting is the same for all four 


curves. 


ELECTRON SCATTERING 

Since the photomultiplier gain is sensitive to the 
stray magnetic field from the synchrotron, the magnetic 
shielding for the counter which is moved about in the 
field is critical. The shielding effectiveness has been 
tested in two ways. First, the counter is converted to a 
gamma-ray counter by fastening a phosphor against the 
Lucite face. A Co® source, fixed with respect to the 
counter, provides the radiation to be detected. Only 
those counts are recorded which occur during the inter- 
val of the synchrotron beam release. Therefore, the 
stray magnetic field is the same as that attending an 
electron scattering event. No systematic changes in 
counting rate, outside the 3% statistical error, are 
observed as the counter angle is varied. In a second 
test the photomultiplier voltage is raised to a level at 
which the noise counting rate during the gate time is 
conveniently high. The noise spectrum is found to be 
the same at all angles. As a final check on these tests, 
it is observed that the pulse-height distribution function 
for the Cerenkov counter is independent of angle. 

The target is 0.006-inch-diameter tungsten wire 
suspended vertically in one of the straight-section 
vacuum chambers of the synchrotron. The beam orbit 
is collapsed adiabatically past the target position by the 
rising magnetic field after the accelerating oscillator is 
turned off. Even with this narrow target, the chance 
that electrons strike the target after many passes is 
nearly 100%; no appreciable gain in beam intensity is 
found when wider targets are used. The cylindrical 
target geometry is excellent for scattering, especially at 
large angles, since there is no preferred plane for plural 
scattering and the target thickness is the same for all 
scattering angles. 

The thin aluminum windows used to transmit the 
scattered electrons in the earlier experiments have been 
eliminated. A set of gate valves leads to a vacuum 
chamber which extends from the synchrotron system, 
through the analyzer magnet gap, to the counter face. 


SLIT GEOMETRY 


Knowledge of the incident beam direction must be 
obtained by indirect means, since the beam is circu- 
lating in a large-aperture guide field. It cannot be 
assumed that the beam direction is tangent to the 
mechanical median orbit, and an error of one degree, 
roughly the guide field aperture, in the measurement of 
the scattering angle would be outside the limits of error 
in the experiment. The direction of the electron beam 
at the target is identified with the direction of the 
bremsstrahlung beam produced at the target. This 
direction is determined by a line drawn from the target 
position to the center of the bremsstrahlung beam 20 
feet from the target. The zero of the scale used in 
measuring the angular position of the defining slits for 
the scattered beam is determined along this line with 
an estimated error of +10 minutes of arc. 

The detection system with shielding, slits, analyzer 
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Fic. 1. Counting rate versus integral bias voltage for 31-, 40-, 
and 60-Mev electrons incident on the Cerenkov detector. 


magnet, and counter is mounted on a tray, which in 
turn rides on a set of tracks about the target position. 
The orientation of the tray is fixed by a radius arm 
pivoted above the target center. Slits 7 inch wide near 
the target and four feet away at the counter position are 
used to view the target as the whole system is rotated. 
The target displacement in the viewing slits is less 
than the target diameter, 0.006 inch, throughout ‘the 
angular range. Only one set of defining slits is used in 
the experiment. As a precaution against changes in 
solid angle due to torsional stress on the detection 
assembly, the sensitive counter area is made twice as 
large as the cross-sectional area of the scattered beam 
at the counter. 
BACKGROUND 


Background counting may be due to x-rays from the 
target or other parts of the synchrotron and electrons 
not elastically scattered from the target. 

The background caused by x-rays can be obtained by 
raising the analyzer magnetic field to a value such that 
elastically scattered electrons are bent beyond the 
counter position. The counting rate in this operation is 
negligible compared with the signal counting rate. The 
background due to electrons that do not come from the 
target is not so easily obtained. It is not realistic to 
attempt a target versus no target run with a circulating 
beam, because the radiation pattern in the room depends 
so markedly on the target location. It remains, there- 
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Fic. 2. Relative counting rate versus the horizontal displacement 
of the detection system relative to the target position 


fore, to be shown that no electrons enter the slit system 
from the target vicinity, since these as well as the signal 
electrons are swept away by the analyzer field in the 
standard background test. This has been tested in the 
following way. The entire collimator-counter system is 
first shifted along a line tangent to the arc direction at 
a particular angular setting of the apparatus. The 
counting rate is measured as a function of the linear 
displacement of the system from the target position. 
The result, at one of the angles, is shown in Fig. 2. The 
conclusions drawn from the counting rate distributions 
are (a) the peak counting rate is centered at the target 
and is symmetric about the target position within the 
error in the experiment, (b) the decrease in counting 
rate is the amount expected as the solid angle subtended 
by the counter is decreased by the linear displacement 
from center, and (c) the counting rate becomes zero on 
either side of the distribution. Next, the experiment is 
repeated with a vertical displacement of the detecting 
system. The counting-rate curve, shown in Fig. 3, 
cannot be interpreted on a simple geometric basis since 
there is a vertical spread in the synchrotron beam. 
The center and half-width of the counting-rate dis- 
tribution correspond to the center and half-width of the 


synchrotron beam. An independent measurement of 
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Fic. 3. Relative counting rate versus the vertical displacement 
of the detection system relative to the synchrotron beam eleva 
tion 


Cc. L. HAMMER 

these quantities is obtained by cutting the target into 
fe-inch segments and measuring the radioactivity of 
these segments with a Geiger counter. Both measure- 
ments agree within the statistical error. In conclusion, 
the target is identified as the only source of scattered 
electrons, and no further corrections are applied to the 
standard background measurements. 


ENERGY 


The beam energy is found by measuring the peak 
magnetic guide field, the frequency of field alternation, 
and the time of beam release. The beam release time is 
measured by scaling a calibrated oscillator signal during 
the interval between injection and accelerator turn-off. 
The principal source of error is the nonuniformity of 
the guide field and the lack of exact knowledge of the 
radius of the electron orbit. While the extreme error 
could be +2%, the actual error in the beam energy is 
more nearly 1%. The momentum spectrum of scattered 
electrons provides a check on the incident beam energy. 
The analyzer magnets are calibrated independently 
through the observation of “hot-wire’’ trajectories in 
the magnets. The error in this measurement is +1%. 
The predicted and observed centers of the elastic 


TABLE I. Scattered electron counting rates normalized at 65°. 


Mey 66.25 78.00° 90.00° 102.25° 114.50° 
44520.20 2.024009 0.914004 047 +0.03 
$4020.13 1452004 06320.02 0.26 +001 


2.352010 0694003 0.30240.02 0.105+0.005 


$1 8.65 +0.30 
40 9.60 +0.30 
8.50 +0.30 


electron peak agree within the experimental error. An 
example of the scattered electron momentum distribu- 
tion is shown in Fig. 4. 


SCATTERING DATA 


The angular distribution data for the tungsten target 
are shown in Figs. 5-7 and Table I for incident electron 
energies of 31, 40, and 60 Mev. All curves and data are 
normalized at 65 degrees. The vertical flags drawn on 
the points represent the statistical error only. Many 
points have been repeated in the course of tests and 
checks for systematic error such as those described 
above. All of these data have indicated that systematic 
effects which may arise in the course of a run or from 
day-to-day are less than the statistical error. A scat- 
tered-electron momentum spectrum, as shown in Fig. 4, 
is obtained at each angular setting. The center of the 
elastic peak is the same at all angles and agrees with 
the synchrotron beam energy. The shape and half- 
width of the spectrum are independent of angle. Three 
curves are drawn through each set of data, each curve 
representing a predicted angular distribution for an 
assumed value of the nuclear radius. The central curve 
is the one of best fit and the extreme curves indicate the 
limits on the value of the radius estimated from the 
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Fic. 4. Scattered electron momentum spectrum. Instrumental 


width at half-maximum equals 20%. 
Fic. 6. Angular distribution of scattered electrons at 40 Mev 


Curve I, ro= 1.10, Curve IL, ro= 1.19. Curve TIT, ro= 1.27. 
experimental error. The cross sections for elastic elec- 
tron scattering in this entire range of angle and incident 
beam energy have been shown’ to depend on only the 
root-mean-square radius of the nuclear electric charge 
distribution. Since only one moment of the charge dis- 
tribution is determined by the experiment, the choice 


















































Fic. 5. Angular distribution of scattered electrons at 31 Mev. 
Curve I, ro= 1.00. Curve IT, ro= 1.14. Curve III, ro 1.28. 
eee Fic. 7. Angular distribution of scattered electrons at 0) Mev. 
7A. E. Glassgold, Phys. Rev. 98, 1360 (1955). Curve I, re= 1.10. Curve I, re= 1.21. Curve IIL, re= 1.39. 
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of nuclear model is arbitrary. The radii are given here 


tor 
within R and zero outside R, where 


a uniform nuclear charge distribution, constant 


R=1,A'X10-" cm. 


1.19 
The 


The results are ro=1.14+0.15 at 31 Mev, r 
+0.09 at 40 Mev, and ro¢=1.21+0.18 at 60 Mev. 
val for the combined data is 1.18+0.10. 
The radius of the tungsten nucleus given here is sig- 
nificantly larger than the value reported in the earlier 
paper,’ R= (1.0+0.1)A'xK10" The data in the 
previous experiments were corrected for very high 
background levels, and it appears certain that this cor- 


1€ of r 


cm. 


rection introduced a systematic error comparable with 
the statistical error in the experiment. The background 
in the present experiment was never greater than 0.2% 


of the signa! counting rate. 


CONCLUSION 


A recent analysis has shown that the root-mean- 
square radius of the nuclear charge distribution deter- 
mines the electron scattering cross section for energies 
as high as 60 Mev. No significantly different information 
is expected, therefore, at the three energies, 31, 40, and 
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60 Mev, which were selected in this experiment. In fact, 
either an absolute cross section measurement at one 
angle and one energy or a ratio of counting rates for 
two angles and one energy would be sufficient to deter- 
mine root-mean-square radius. The results at other 
angles and energies serve only as checks for internal 
consistency in the theory. A root-mean-square radius 
equal to (0.91+0.10)A!X10-* predicts the observed 
angular distributions at all three energies. There are 
several sources of error in the present phase-shift calcu- 
lations of the electron scattering cross section. The 
scattering nucleus is represented by a static, continuous 
electric charge distribution. Both virtual and real 
excitation of the nucleus in the scattering event are 
ignored. Finally, no radiative correction is applied at 
high energies. It is concluded from this experiment 
that these factors would not alter the angular distribu- 
tions predicted by the simple scattering model by more 
than 10%. 
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I. INTRODUCTION 


ITHIN the past few years there has been a 
revival of interest in the elastic scattering of 
alpha particles and deuterons from heavy nuclei. 
Experiments’ for alpha particles have been carried 
out at energies ranging from 20 to 40 Mev with essen- 
tially complete angular coverage at a few energies. For 
deuterons, angular distributions have been measured 


at 15 Mev.® The main feature that the various sets of 


* Work carried out under contract with U. S. Atomic Energy 
Commission 

'H. E. Gove, Massachusetts Institute of Technology, Labora 
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31, 1951 (unpublished), p. 157 
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heavy nuclei is calculated approximately using 
with a ratio of 


edge-diffuseness 


alpha particle data is obtained 
nucleus of about 3 to 4. and a (1/e 


deuteron data is somewhat uncertain at present. 


data have in common is the approximately exponential 
drop of the scattered intensity from the Coulomb value, 
beginning at a specific energy in the measurements 
made at a fixed angle as a function of beam energy and 
beginning at a specific angle in angular distributions 
measured at a given beam energy. A number of dis- 
cussions of the interpretation of the alpha-particle data 
have been given.*:** 

It has been emphasized by Wegner’ that the alpha- 
particle data can be most easily understood by plotting 
both the energy dependent and angular dependent data 
as a function of the apsidal distance D (distance of 
closest approach) of the hyperbolic Coulomb orbit. On 


* J. S. Blair, Phys. Rev. 95, 1218 (1954). 

7K. Izumo, Progr. Theoret. Phys. (Japan) 12, 549 (1954 

*K. W. Ford and J. A. Wheeler (private communication via 
H. E. Wegner). 

*H. E. Wegner, Brookhaven National Laboratory Report 
BNL-331, 1955 (unpublished), p. 56; and private communication 





ELASTIC 


such a plot, both types of data coincide over a drop 
below the Coulomb scattering of a few orders of magni- 
tude. This can be seen in the experimental points plotted 
in Figs. 3-7. None of the theoretical discussions*:** 
given so far has focused on this simple feature of the 
data, and except for the recent work of Ford and 
Wheeler,*® the predicted drop below Coulomb disagrees 
badly with the 40-Mev data‘ at backward angles. The 
calculations of Ford and Wheeler, although exhibiting 
the rapid drop of the data, do not join properly to the 
Coulomb scattering at the break angle. If these calcu- 
lations are normalized to the Coulomb scattering at 
the break angle, then the predicted drop from Coulomb 
is much too rapid when compared to the measured 
results. 
Il. THEORY 


Since (R/X), where R is the interaction radius and A 
is the alpha particle or deuteron wavelength divided by 
2r, is very large (~ 20 for alphas and ~ 10 for deuterons) 
for the data mentioned above, the scattering can be 
calculated approximately using a classical point of 
view. To simplify the calculation, we assume that the 
main effect that lowers the cross section is absorption 
of the alpha particle or deuteron from the incident 
beam. In addition to this, it is assumed that the 
Coulomb orbits are not distorted by the nucleus. The 
abrogation of these assumptions is considered to be a 
refinement. We now argue that the decrease in scattered 
intensity as a function of apsidal distance comes entirely 
from absorption along the Coulomb orbit, and hence 
we write for the actual cross section in terms of the 
Coulomb cross section 


do .1/dQ= (dae:/dQ)eouiT , (1) 


where T is a transmission factor giving the fraction of 
the incident beam that emerges from the nucleus.” 


T has the form 
dx 
good {2} 
L(x) 


with x the coordinate along the path of the alpha par- 
ticle or deuteron and /(x) the mean free path as a 
function of position along the path. 





Fic. 1. Path geometry for a straight line path. R is the inter- 
action radius, r and x are path coordinates, and D is the apsidal 
distance 

” The approach here does not differ essentially from that of 
Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949). 
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Fic. 2. Plot of #(¢,8) as a function of §= D/R for various values 
of 6=d/R, viz., 8=0, 0.1, 0.2, and 0.25. 


We now calculate T for an oversimplified model in 
which the paths through the nucleus are assumed to 
be straight lines. Equation (2) can be written 


dx eas dx 1 
f == 2 f ir( ) , (3) 
1(x) —_ dr/ l(r) 


where r is the radial coordinate of the orbit as shown in 
Fig. 1. On integrating by parts, Eq. (3) becomes 


dx ” d - 1 
J 2 f drx(r) ( ), 
L(x) D dr \ I(r) 


<z=0 for r=D, 
(1/)D-0 for ro. 


since 


Now I(r) is proportional to the reciprocal of the 
particle density in the nucleus. If we assume a form for 
this density that has been used widely, viz., 


1 y—~K 
p(r)=poX (tanh ) 
2 d 


where d is a measure of the thickness of the diffuse 
edge and R is the interaction radius, then 


.. ee r—R 
x ( -tanh ) 
, ae d 


In this equation, J is the mean free path near the center 
of the nucleus. For a sharp-edged interaction region 


d /-1 1 
( ) >~d(r—R), (8) 
dr\i(r)] 1, 


which supplies the motivation for the partial integration 
performed on Eq. (3). With the assumption of straight 
line paths (see Fig. 1) 


x(r) = (r— D*)I, (9) 
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Fic. 3. Plot of differential elastic scattering cross section divided by the differential Coulomb cross section versus apsidal 
distance for gAg™*. The triangles are data for 22-Mev alpha particles with scattering angles ranging from 20° to 140° 
(reference 3). The open circles are data for 13- to 44-Mev alpha particles at a scattering angle of 61° (reference 2). Theo- 
retical curves are shown for R= 8.4 10™™ cm, R/lo=0.5, 3, 3.5, 4, 5, and 10, and (a) d=1.7K1i10™" cm (6=0.2); (b) d=2.1 
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Fic. 4. Plot of differential elastic scattering cross section divided by the differential Coulomb cross section versus apsidal 
distance for ;;Ta'™. The solid circles are data for 40-Mev alpha particles with scattering angles ranging from 21° to 100° 
(reference 4). The open circles are data for 13- to 42-Mev alpha particles at a scattering angle of 60° (reference 2). Theo- 
retical curves are shown for R=9.8X 10™" cm, R/lp=0.5, 3, 3.5, 4, 5, and 10, and (a) d=2X10™ cm (6=0.2); (b) d=2.4 
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Fic. 5. Plot of differential elastic scattering cross section divided by the differential Coulomb cross section versus apsidal 
distance for >Au'*’. The solid circles are data for 40-Mev alpha particles with scattering angles ranging from 21° to 100° 


(reference 4). The triangles are data for 22-Mev alpha particles with scattering angles ranging irom 20° 
(reference 3). The open circles are for 13- to 44-Mev alpha particles at a scattering angle of 60° (reference 2) 


to 160° 
The squares 


are for 13- to 44-Mev alpha particles at a scattering angle of 95° (reference 2). Theoretical curves are shown for R= 10 
X 10-4 cm, R/lop=0.5, 3, 3.5, 4.5, and 10, and (a) d=1XK10~™" cm (6=0.1); (b) d= 2X10 cm (6=0.2). 


so that Eq. (4) becomes 


dx 2R ¢* o—I 
| = f de(r?— £)! sech( _ ), (10) 
I(x) ly t 6 


= (2R/lo)h(£,4), 
in which 

t=D/R, v=1/R, (11) 
Figure 2 shows plots of A(,6) as a function of & for 
5=0, 0.1, 0.2, and 0.25. [The integral in Eq. (10) can 
be calculated in closed form if sech*{(»—1)/é] is 
approximated by a triangle, and this procedure is the 
one that was actually followed to obtain the curves in 
Fig. 2.] 


6=d/R. 


Ill. COMPARISON TO DATA 


For a given choice of 6 and R, one can plot from 
Eqs. (2) and (10) the transmission factor T (the ratio 
of measured cross section to Coulomb cross section)’as a 
function of apsidal distance D for various values of 
R/ly. This has been done for a number of elements for 
both alpha particle and deuteron elastic scattering in 
Figs. 3 to 8 which also contain the presently available 
data®* for these elements. The figures have been 
arranged in ascending order of atomic weight and for 
each atomic weight in increasing order in d, the diffuse- 
ness parameter. Since logarithmic scales are used in 


these plots, the theoretical curves can be obtained by 
inverting Fig. 2 and applying the scale factor (2R/l») to 
the ordinate / and the scale factor R to the abscissa £. 

In all of the alpha-particle plots (Figs. 3 to 7) 
the interaction radius R was obtained by assuming 
R=R,4+R, with Ra=1.51X10-"At cm and R,=1.2 
X10-" cm. For the deuteron plots (Fig. 8), the inter- 
action radius R was varied with 4 fixed, to try to im- 
prove the agreement between the calculated curves and 
the data. 

Figure 3 shows alpha-particle apsidal-distance plots 
for Ag. The better agreement seems to be obtained for 
d=2.1X10- cm. In Ag the best value of R//o is more 
uncertain than for the other elements shown in Figs. 4-7 
since the energy and angular dependent data do not 
coincide if the transmission factor T is less than 0.1. 
It does seem, however, that the best effective value of 
R/ly is between 2 and 4. 

Figure 4 shows similar plots for Ta. In this case the 
better agreement seems to be obtained for d= 2.4 10-" 
cm with R/ly ranging from 3 to 4. 

The best values of d and R/ly for Au (Fig. 5) seem to 
be d=2X10-" cm and R/lyb~3-4. These values also 
give good agreement for Pb (see Fig. 6). For Th 
(Fig. 7), d= 2.110" cm and R/lo~3-4 give a reason- 
able fit. 

Figure 8 shows deuteron apsidal-distance plots for 
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Fic. 6. Plot of the differential elastic scattering cross section 
divided by the differential Coulomb cross section versus apsidal 
distance for »Pb™*. The solid circles are data for 40-Mev alpha par- 
ticles with scattering angles ranging from 21° to 100° (reference 4 
The open circles are data for 13- to 44-Mev alpha particles at a 
scattering angle of 60° (reference 2). The triangles are for 22-Mev 
alpha particles with scattering angles ranging from 20° to 160° 
(reference 3). The theoretical curves are shown for R=10.1 
x10" cm, R/lp=0.5, 3, 3.5, 4, 5, and 10, and d=210™" cm 
(6=0.2 


Pb and Bi. The values R=14X10-" cm and d=3.5 
X10-" cm seem to agree best with the data although 
they appear to be rather large. If these values are 
taken seriously, the best value of R/ly seems to be 
about 1 

IV. DISCUSSION 


The best values of d and R/lo assuming these param- 
eters to be the same for all encounters of the alpha 
particle with other nuclear matter are d~ 2X 10~" cm 
and R/lp~three to four, indicating that nuclei are 
completely opaque to alpha particles except in the 
region of density fall-off near the edge. Since the den- 
sity of Eq. (6) falls off for large r as exp[ —2(r—R)/d], 
the 1/e distance is (d/2)~1X10~™" cm, a diffuseness 
about twice that found for protons.’ This can be 
understood qualitatively if the diffuseness of the nu- 
cleon itself is assumed to be negligible. The diffuseness 
doubling in the alpha-particle experiments can then be 
said to arise because both the incident and target nuclei 
have about the same non-negligible diffuseness. For 
such short internal mean free paths as are indicated 
by the large values of R/lo, the total reaction cross 


" Melkanoff, Nodvik, Saxon, and Woods, private communica- 
tion 
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Fic. 7. Plot of the differential elastic scattering cross section 
divided by the differential Coulomb cross section versus apsidal 
distance for 9 Th™. The solid circles are data for 40-Mev alpha par 
ticles with scattering angles ranging from 21° to 100° (reference 4 
The open circles are data for 13- to 44-Mev alpha particles at a 
scattering angle of 60° (reference 2). Theoretical curves are shown 
for R= 10.5X10-" cm, R/lo=0.5, 3, 3.5, 4, 5, and 10, and d=2.1 
X10 cm (6=0.2 


section is geometrical, i.e., ~2R*. Recent data‘ indicate 
that the cross section for neutron production in Au has 
about this value. 

Interpretation of the deuteron data is somewhat un- 
certain in view of the possibility of electric breakup of 
the deuteron.”~'® Such an effect might account for the 
“long-range” nature of the drop from Coulomb evident 
in Fig. 8. There is some indication of a more rapid 
fall-off at smaller apsidal distance which could be 
interpreted as the onset of nuclear effects although the 
available data do not extend to small enough apsidal 
distances to provide a firm basis for this view. Because 
the apsidal distance D varies slowly with the scattering 
angle @ for 6>90°, in order to get to smaller apsidal 
distances it is better to increase the incident energy if 
possible (D varies inversely with energy) rather than 
to go to backward angles. It would be desirable to do 
this for both alpha particles and deuterons. 

The use of straight line paths can be criticized, of 
course, since this procedure forces the dependence of T 
on apsidal distance D by equating D to the impact 
parameter. However, x(r) for straight line paths does 
exhibit two important features for any reasonable 

@ The remarks in this paragraph are based on comments made 
by H. E. Wegner in a conversation with the writer. 

% J. R. Oppenheimer, Phys. Rev. 47, 845 (1935). 

“S. M. Dancoff, Phys. Rev. 72, 1017 (1947) 

'§C. J. Mullin and E. Guth, Phys. Rev. 82, 141 (1951). 
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path, viz., 
x(r) — 4, (12) 
rx 
dx 
ob? ie, 
dr *P 


Other paths should nevertheless be tried, especially 
since for Ag (see Fig. 3), the energy and angular <le- 
pendent data do not coincide as well as for the other 
elements on an apsidal-distance plot. (The disagreement 
of the different types of data for Ag may be due to 
the fact that at smaller apsidal distances the angle at 
which the diffuse region is being crossed on a Coulomb 
trajectory is quite different for the two sets of data, even 
though the apsidal distances are the same.) 

Distortion of the path by the nuclear forces is 
omitted in the form of Eq. (1). The alpha-particle data 
exhibit in some cases a rise before the rapid drop from 
Coulomb (see, e.g., Figs. 5-7). That this rise may 
come from refraction effects is indicated by the classical 
calculations of Hardmeier'® for a real potential. It 
should be possible to ignore orbit distortion due to 
penetration of the charge distribution if the path of the 
incident particle runs through the neutron fringe sug- 
gested by Johnson and Teller'’ and supported by Hess.'* 

It is perhaps worth pointing out that recently re- 

“© W. Hardmeier, Physik. Z. 28, 181 (1927), p. 187 

‘7M. H. Johnson and E. Teller, Phys. Rev. 93, 357 (1954) 

‘“W. N. Hess, thesis, University of California, UCRL-2670, 
1954 (unpublished) 


The crosses are for 15.2-Mev deutercns on s:Bi™ with scattering angles ranging from 25° to 120° 
Theoretical curves are shown for R/lo=0.5, 1, 2, and 3, and (a) R= 12X10™" cm, d= 3X10"" cm (6=0.25); 


ported results" on the decrease from Coulomb scatter- 
ing encountered in the elastic scattering of nitrogen by 
nitrogen indicate a behavior analogous to the alpha 
particle and deuteron scattering. 

If the physical picture discussed here is correct, 
namely that absorption is the most important feature 
in the drop from Coulomb scattering, it would seem 
that the model proposed by Ford and Wheeler’ is 
based upon diffraction deviations from the wrong 
classical model. The fact that when their calculation is 
normalized to the Coulomb cross section the predicted 
drop from Coulomb is too rapid may indicate that their 
model is close to a classical model with a fairly sharp 
angular cutoff and that the diffraction effects they 
predict are not large enough to give much deviation 
from this angular cutoff. 
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A phase shift analysis is made of the p-He* and p-T elastic scattering data using theoretical predictions 
wherever possible to reduce the number of parameters. It is pleasing that the resulting phase shifts all have 
their expected signs and reasonable magnitudes and satisfy relations connecting the p-T and p-He’ phase 
shifts. The analysis was also made without using the theoretical conditions, and we present all the solutions 
we have found. However, we reject these other solutions. The phase shifts which we accept as correct are 


discussed in terms of resonances. 





I. INTRODUCTION 


HASE shift analyses of the p-He’ and p-T elastic 

scattering data have been made before.’ The 
present work is new in that theoretical predictions are 
applied wherever reasonable to reduce the number of 
parameters which occur in the phase shift analysis. 

Phase shifts (6’s) for values of the angular momentum 
12 2 are assumed to be zero. This assumption is probably 
safe in the energy range (1-3.5 Mev) of the experiments 
analyzed here. The effects of inelastic scattering are 
neglected. This is certainly safe for p-He’, but the 
threshold for the T(p,n)He’ reaction (1 Mev) is not high 
enough to justify its neglect in the p-T case. These same 
assumptions were made in references 1 and 2. 

The problem was coded for an IBM 701 computer. 
The code allows for the possibility of spin-orbit splitting. 
However, the data can be fitted without spin-orbit 
splitting, and even, in the case of p-He’, without spin 
dependence, as Lowen pointed out. Therefore, efforts to 
study a possible spin-orbit splitting were abandoned. 

Born’s approximation makes qualitative predictions 
about the phase shifts. It says, for example, that in the 
p-He’ case there should be little spin dependence, just as 
Lowen observed. It says that in the p-T case, the 4’s for 
the two spin states (singlet and triplet) should be equal 
in magnitude and opposite in sign. 

We find that it is possible to impose these predictions 
of Born’s approximation on the 4’s in the p-He’ case for 
i=@ and /=1 and in the p-T case for /=1. These are 
auxiliary conditions on the phase shift analysis which 
reduce the number of parameters used in fitting the 
data. It is very satisfying that when this is done, the 
resulting 4’s all have the sign predicted by Born’s 
approximation. It is also pleasing that relations which 
result from Born’s approximation and connect the p-T 
and p-He’ phase shifts are satisfied by the P phase shifts 
and very roughly by the S phase shifts. 

The analysis was also made without the auxiliary 
conditions suggested by Born’s approximation, and we 
present all of the solutions we have found. However, we 
reject these other solutions. 

t Work done under the auspices of the U. S. Atomic Energy 
Commission. 

' H. R. Lowen, Phys. Rev. 96, 826(A) (1954). 

* McIntosh, Gluckstern, and Sack, Phys. Rev. 88, 752 (1952) 


The 4’s which we accept as correct are discussed in 
terms of resonances. 


II. BORN’S APPROXIMATION 
Born’s approximation is 
ip i? 
Ro=|—J\, (1) 
4 


2mM 
J=— - fsw \S(Vyp)dr. (2) 
(m+ M)h? 
Here m= 1 and M=3 (the masses of the proton and He’ 
or T, respectively). The wave number & is given by 


2m M \? 
P= — ( ) E..>= 2.71 E in, X 10% cm~?, (3) 


h? 


m+M 


where £,,, is the energy of the proton in the laboratory 
system. y,; and yw, are the wave functions for the initial 
and final states, and V is the sum of the potentials 
between the proton and the particles in He’ or T. S is an 
operator which makes Sy antisymmetrical in the coordi- 
nates of any pair of neutrons or protons of which y is a 
function. The integral stands for a sum over the spins of 
all the particles involved as well as an integral over all 
of their coordinates. 

Both He’ and T have spin S=}. Their spin functions 
are 


Xa =a (ax33— Baas) 2, 
(4) 


x = (ay0283+a182a3— 28 ;a20:;) Vv ‘6, 


where the superscript + means S,=+4, and the sub- 
scripts @ and s mean that x is antisymmetrical or sym- 
metrical in particles 2 and 3 (the two protons in He’ or 
the two neutrons in T), respectively. We assume that 
the spatial parts of the He*® or T ground state wave 
functions are symmetrical in all three particles, and 
therefore we must use x, because of Pauli’s principle. 
Then ¥,; (for example) is formed as follows: 


¥i=agxo'(123) f(k,4), S=1, S,=1, 
Vi= (1/V2) (axa — Baxa*)(123) f(k,4), (5) 
S=0, S,=0, 
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where particle 4 is the incident proton, ¢ is the ground 
state wave function of He’ or T, and f is a plane wave 
function of k and the radius vector locating particle 4 
with respect to the center of gravity of particles 1, 2, 
and 3. In the p-T case 
S=(1—P,,), (6) 
and in the p-He’ case 
S=(1—Pa—Px), (7) 
where P,, (for example) interchanges all of the coordi- 
nates (including the spins) of particles 1 and 4. The S’s 
should not be normalized in any way; at large distances 
Sy will approach a plane wave for particle 4 times the 
ground-state wave function for particles 1,'2, and 3 as it 


should. 
The potential between a neutron i and a proton j is 


: os 1+-P,* 1+P;;" 
nif (EY) 
2 2 
1+P,;* 1— P,;;" 
2 2 
i—Py* 1+ P;;" 
vr) 
2 2 
1— Py? 1—P;;" 
vr PVEPD) 
2 2 


where P;;* and P,;* exchange the space and spin co- 
ordinates of particles i and j. U(ij) is a potential of 
some shape, and its depth is fixed by the requirement 
that *V,,+=1; that is, U(r) is the potential for the 
ground state of the deuteron. When i and j are identical, 
V has the same form except the triplet even parity and 
singlet odd parity forces are not present because of 
Pauli’s principle. 

It is necessary to insert Eqs. (4)~(8) in Eq. (2) and 
perform the spin sums. This tedious work can be 
simplified somewhat by using the Hermitean character 
of the S and the relations 


S'=2S for p-He’, 





(9) 
S$*=38 for p-T. 
We find for the /’s the following expressions: 
J=aJ:+BJetyJs, (10) 
where 
3M 
7“ - f (123) f*(k y,4)U (14)6(123) f(k;,4)dr, 
3M 
—s " f 90139) 7°04,,2)0714)6(123) f(s, (11) 


3M 
Jas f (123) f*(ky,4)U (14)o(234) f(k,,1)dr, 
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where the integrals are now over the spatial coordinates. 
k, and k, are the final and initial wave number vectors 
of the scattered proton [their magnitudes are, of course, 
equal for elastic scattering and given by Eq. (3); the 
angle of scattering is the angle between them]. The 
results of the spin sums are contained in a, 8, and . 
For p-T, S=1, 


a= PV pp TPV ay t+HV 2p t+ PV a5t+ Pawar 


B= —FPVagt—'Vay*, (12) 
Y= — BV gg FEV gt — PV op th Ving — PV ng. 
For p-T, S=0, 
a= DV gt FHV ng FHV ny TEV ap +H V ag, 
B=FV apt t+'Vay*, (13) 
Y= ZV pp HBV apt — BV ag FEV ast PV ng 
For p-He’, S=1, 
a= PV nyt + PV ag +PV pe +HV oe, 
B= — FV agt—3'V 55", (14) 
Y= PV apt — PV ng FHV op - HV oe 
For p-He’, S=0, 
a=PVagtt+EV ap +HV ppt t+ HV 5s, 
B= —3'V—.5*—3'V 55", (15) 


Y= PV apt — PV ng +h'V 5 - PV os. 


We are not going to calculate the integrals in Eq. 
(11); we are only going to use what can be read from 
Eqs. (12)-(15). 

An immediate consequence of these equations is that 
if the odd-parity forces are weak, then no matter what 
the values of J;, J2, and J; (they may even be calculated 
with a better approximation for f(k,,4) than a plane 
wave) the p-He’ phase shifts for the different spin states 
are related as follows: 





6-triplet *Vayt+'V»,* 
1V.5*+! V on* 


where the numerical value is calculated assuming that 
the potentials are charge-independent and that the 
singlet potentials are weaker than the triplet potentials 
by a well-known factor (which is slightly dependent on 
the shape of U(r); we use the one for a Yukawa poten- 
tial) ; that is, assuming 


'V..*='V_,,+=0.69V,,*. (17) 
We suppose that J; is larger than J, and J, for/2 1. It 
is the only integral in which the potential overlaps one 


of the wave functions ¢. We suppose that J; is positive 
for even | and negative for odd /. All this is in accord 


= 1.2, (16) 


5-singlet 
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Fic. 1. The *S and *P phase shifts found for p-He’ scattering 
when the 'S and 'P phase shifts are set equal to 1.2 times the *S and 
4P shifts respectively (Born approximation). The circles represent 
an acceptable set of solutions the triangles an unacceptable set. 


with what is known about the corresponding integrals 
which occur in the theory of p-d and n-d scattering. 

The consequences of these assumptions and Eqs 
(12)—(15) are the following. For p-He’, the S phase shift 
should be negative and the P phase shifts positive. For 
p-T, the *P phase shift should be positive and the 'P 
phase shift should be negative, and these should have 
the same magnitude: 


6(@P)=—6('P). (18 


5(4S) should be negative, and 4(‘S) should be positive. 
We might expect a very strong attraction in the 'S state 
corresponding to the strong binding of Het [4('S) should 
be large and positive | 

Except for Coulomb effects, the triplet 6’s should be 
equal for p-T and p-He’. 
Ill. PHASE SHIFT ANALYSIS INCLUDING SOME OF 


THE QUALITATIVE FEATURES OF BORN’S 
APPROXIMATION 


We have made a phase shift analysis of experimental 
p-T data’* and p-He’ data,’*® using an IBM 701 


calculator. 
t. The code was designed to allow for spin-orbit splitting. 





Mev) 


E,('00) 


Fic. 2. The ‘S, *S, and *P phase shifts found for p-T scattering 
when the 'P phase shift is the negative of the *P shift. Several 
additional possible phase shifts were found at each energy; how 


ever, only the set shown has an acceptable energy dependence 


*M. E. Ennis and A. Hemmendinger, Phys. Rev. 95, 772 

‘Classen, Brown, Frier, and Stratton, Phys. Rev 
1951) 

* Famularo, Brown, Holmgren, and Stratton, Phys 
928(A) (1954) 

* D. R. Sweetman ‘(private communication) 


1954 
82, 589 


Rev. 93, 


J. L. GAMMEL 

When spin-orbit splitting is allowed, six parameters 
CSo,'P 1351, Po %P1,'P2) are available to fit the data even 
when / is restricted to /< 1. A confusion of solutions 
results, none of which suggests anything (to us anyway) 
in terms of resonances. We therefore gave up trying to 
find out about possible spin-orbit splitting in the 
problem. 

This reduces the number of parameters to four 
(S,P3S,2P), and several solutions are found at each 
energy. The phase shifts must be reasonable functions of 
energy, and this eliminates most of the solutions. The 
results of these analyses with no further restrictions 
imposed are given in the last section. 

We find it possible to impose the condition Eq. (16) 
on both the S and P phase shifts as an auxiliary condi- 
tion on the analysis of the p-He’ data and still get good 
fits. This can be anticipated in view of Lowen’s results. 














2 
E, (lob) (Mev) 


Fic. 3. Plot of aY /(1—4Y) vs E for the 'So p-T phase shift. 
b/a is taken to be 1.5, with a equal to 3.0X 10-“ cm. The slope of 
the line gives a value of y,*/a=2.85 Mev and the intercept is 
Ey =0 84 Mev 


rhe 4’s which result when this is done are shown in 
Fig. 1 as a function of energy. 

The condition Eq. (18) can be imposed on the P phase 
shifts in the p-T case. For the S phase shifts, it is 
reasonable to impose Eq. (16) in the p-He* case but not 
in the p-T case. The reasons are as follows. Both S phase 
shifts are repulsive in the p-He’ case, but the 4('S) is 
attractive in the p-T case. Born’s approximation may be 
valid for small negative 4’s (repulsive), but almost 
certainly not for large positive 4’s (attractive). Even 
more important, Eq. (18) depends on the assumption 
that J; dominates J; and J;, which is probably not 
correct for /=0, but Eq. (16) depends on no such 
assumption. The 6’s which result when Eq. (18) is 
imposed on the P-4’s are shown in Fig. 2 as a function of 
energy. 

All of the predictions of Born’s approximation are 
satisfied by these solutions. All of the phase shifts have 
the expected sign. [It should be noted that in imposing 
Eqs. (16) and (18) we do not fix the sign of any phase 
shifts, but only ratios of phase shifts.] 6¢P) for p-T 
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scattering is slightly larger than the 6(°P) for p-He’, as 
it should be in view of the stronger Coulomb repulsion 
for p-He’*. The *S phase shifts for p-T and p-He’* are 
about equal in magnitude. 


IV. RESONANCES 


The repulsive S phase shifts found in the phase shift 
analyses including the predictions of Born’s approxima- 
tion are about those for scattering from a hard sphere of 
radius 3X 10~-" cm, as shown in Figs. 1 and 2. 

According to Wigner,’ the reciprocal of the logarithmic 
derivative evaluated at some radius should have the 
following dependence on energy: 


oats 


Y (19) 
Ry - E 


R=) 


Only one E, is likely to lie in the neighborhood of a 

narrow range of energies (such as we have here), so that 
1” 

R +b, 


(20) 


TaBLe I. Resonance parameters for the ‘S state in -T. 


1.50 6b =4.5 K10°" cm 
FE) \* a Ry y\t/a 
Mev b/a Mev Mev b/a Mev 
2.6X 10°" 0.84 1.50 3.13 0.84 1.7 3.51 
3.0X 10°" 0.84 1.50 2.85 0.84 1.50 2.85 
3.4K 10°" 0.84 1.50 2.50 0.84 1.32 2.02 


where E, is the nearby resonance and 6 represents the 
effects of all distant resonances. Thus 


aY E,-E 
f _ ’ (21) 
1—(b a)(aY) 1? a 


where Y=1/R and a is the radius at which the loga- 
rithmic derivative is evaluated. To evaluate the 
logarithmic derivative, we use 


F’+-G’ tané 
aY=p : (22) 
F+G tané 


where F and G are the regular and irregular Coulomb 
functions, F’ and G’ their derivatives, p= ka, and 6 is the 
phase shift. 

For the ‘S state in p-T a plot of the left hand side of 
Eg. (21) vs E is shown in Fig. 3 for a radius of 3X 10~-" 
cm. The quantity 6/a is adjusted to make the plot a 
straight line. From this it is possible to determine £, and 
y.2/a. Two other values of the radius were tried; these 
are 2.6 and 3.4X10~" cm. The plots are not extremely 


7 E. P. Wigner, Proc. Cambridge Phil. Soc. 47, 790 (1951). 
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Fic. 4. a¥ is plotted against F for the *P phase shift for p-He* 
and p-T. The vertical lines at the highest and lowest energies show 
the effect on aY of changing the phase shift by +2.0 degrees. 


sensitive to the value of 6/a and so two prescriptions 
were tried for this parameter. The first was to keep b/a 
the same as that used for a=3.010~™, the second to 
keep 6 the same. The results are shown in Table I. It 
will be noted that the value of £, is found to be inde- 
pendent of both a and 6. 

Plots of aY vs E are shown in Fig. 4 for the attractive 
P-states in p-T and p-He’. It is not possible to say much 
in terms of resonances. Probably the best thing is to say 
that the levels are all distant and a¥ is just the negative 
constant read off the graph. This means that there is at 
least one negative £,, and the corresponding level is 
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Fic. 5. The 4S, 4S, 'P, and *P phase shifts found for p-He* 
scattering when the only restriction placed on the phase shifts is 
that there is no spin-orbit splitting. In addition to the three sets 
shown several more possible sets of phase shifts are found at each 
energy; however, these do not have a reasonable energy de- 
pendence. 
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Vv. OTHER SOLUTIONS FOUND IN THE PHASE 
SHIFT ANALYSIS 


Even in the cases where we impose the predictions of 
Born’s approximation on the phase shifts, we find several 
solutions at each energy all of which fit the cross 
sections within the experimental error. Only one set of 
these has a reasonable energy dependence as shown in 
Figs. 1 and 2. However, if we use as a restriction only 
that all *P phase shifts shall be equal (that is, no spin- 
orbit splitting), we find a large number of possible 
solutions at each energy. For the case of p-He’ scatter- 
ing, those solutions which have a reasonable energy 


FRANK AND J. 


L. GAMMEL 


dependence are shown in Fig. 5. The solutions which do 
not have a reasonable energy dependence are not shown 
to keep the figure readable. 

Since good agreement with experiment was found by 
using the Born approximation, no attempt was made in 
the p-T case to find solutions with other types of 
restrictions on the 4’s. 
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The approximate eigenvalues for a spherical well with an exponentially diffuse boundary and with spin- 
orbit splittings are applied to the study of particle binding energies. If the A-value locations of the low 
velocity 3s and 4s maxima in the neutron cross-section surface are taken at A=55 and A = 150, the general 
trends of experimental binding energies and experimental radii sharply restrict the degrees of diffuseness 
that can be allowed. It would appear that the general trends of both proton and neutron binding energies as 
well as their discontinuities can be accounted for if a diffuseness parameter (i.c., tail length to ¢* point 
divided by inner radius) is chosen which drifts gradually from 5=0.3 for light nuclei to 6=0.2 for heavy 
nuclei. The diffuseness parameter needed goes to somewhat smaller values (6~0.13) if the critical 4s A-value 
is taken at 170. For heavy elements the diffuseness of the potential well obtained here is comparable to the 
diffuseness of the nuclear charge distribution obtained in recent studies. 


1, INTRODUCTION 


HE approximate eigenvalues for a spherical well 
with an exponentially diffuse boundary have been 
obtained in a previous study.' To apply these results to 
the investigation of particle binding energies in complex 
nuclei one must first determine the magnitudes of the 
well strength parameter ¢ and the radius parameter a 
for various values of A. It should be obvious that for a 
given A, as the diffuseness parameter 4 is increased, the 
well strength parameter ¢ and the radius parameter a 
needed to account for specific experimental observations 
will grow smaller. The precise relationship ¢(6,A) and 
a(6,4) will depend upon the particular experimental 
observations which are taken as standard. Let us now 
consider a basis for arriving at these functions. 


2. IDENTIFICATION OF THE WELL PARAMETERS 


The particle mass used in this work is taken to be the 
average of the neutron and proton, i.e., 


m= 4(m,-+-m,) = 1008.288 mMU. (1) 
* This work is supported by a contract with the U. S. Atomic 
C ot 


1A. E. S. Green and Kiuck Lee, Phys. Rev. 99, 772 (1955). 
This work will henceforth be called GLI. 





Since the independent-particle model (I.P.M.) places 
each particle in a field of force set up by the A—1 other 
particles, the natural energy unit takes the form 


Eo=t?/2pa?= Uo 1+1/(A—1) //e*(6,A), (2) 
where 
Uo= 22.267 mMU = 20.734 Mev, (3) 


and a(6,A) is a dimensionless distance parameter ob- 
tained by dividing a itself by 1X10~* cm. The dimen- 
sionless well strength parameter is now given by 


éo9= (Vo/Eo)*= (Vo/Uo)*a(6,A), ‘(1+1/(A aa 1)}', (4) 


where the constant V» represents the depth of the uni- 
form portion of the potential function. It is not un- 
reasonable to expect V» to be a universal constant which 
measures the strength of the interaction of a single 
nucleon in condensed nuclear matter. Accordingly 
¢o(5,A), apart from the small reduced mass effect, is 
expected to vary simply as a(5,A). To proceed further, 
it shall be assumed that* 


€9(5,A) = f,(8)A*+ f2(8), (5) 


*It would perhaps be more desirable to let a(6,A) be given by 
Eq. (5) and to let ¢0(6,4) embody the reduced mass effect. Equa- 
tion (5) a 
closer to A= 11. 
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an assumption which will make the nuclear radius 
parameter vary almost linearly with A‘. To identify 
fi(8) and f2(5), use is now made of the critical ¢» values 
for binding the 3s and 4s states with zero energy. These 
critical ¢ values for various 6 are given in Table I of 
GLI. If these are assumed to correspond to the observed 
maxima in the low-velocity neutron cross sections at 
A=55 and A=150** one may readily solve for /,(8) 
and f.(4). The results of the calculation are given in 
the second and third columns of Table I. 

It is reasonable now to regard ¢(0,A) as the “effective” 
or equivalent square well strength of a spherical well 
with an exponentially diffuse boundary, in the sense 
that a square well with the well strength parameter 
€9(0,A) will locate the low velocity 3s and 4s maxima 
at the same A values as diffuse boundary wells with 
€o(5,A) given by Eq. (5). In a similar way, one might 
regard 


a(0,A)= (Uo/Vo)[1+1/(A—1) }[fi(0)A*+f2(0)] (6) 


as the equivalent square well radius for any degree of 
diffuseness. In view of the smallness of 1/(A—1) and 
f2(0), one might readily compare Eq. (6) with the 
usually accepted equation R=r,A! and hence make the 


TABLE I. Effective well strength functions. 

















8 fi f2(8) 
0.0 2.0802 — 0.0567 
0.1 1.8149 0.1819 
0.2 1.4342 0.7497 
0.3 1.2931 0.4534 
0.4 1.1965 0.1966 
identification : 
79% 2.080(Uo/ Vo), (7) 


where ro is an experimental radius constant (in units of 
10-** cm). Since these have ranged between 1.0 and 1.5 
in recent years, it would appear best to attempt to 
proceed without fixing ro at this juncture. However, 
for some quantitative estimates, ro shall be taken as 
1.3 which corresponds to V>=53.09 Mev. This ro is a 
compromise between the recent Coulomb radius con- 
stants and the older reaction cross section radius con- 
stants. The V» values corresponding to various ro’s are 
given in Table IT. 


3. NEUTRON BINDING ENERGIES 


The magnitude of the particle energy for a given state 
may be expressed in the form 


|W| = Vo(ew?/ed?). (8) 


To explore particle binding energies without first fixing 
V, it is convenient to present the eigenvalues obtained 


*K. W. Ford and D. Bohm t=” 
(RK Adair, Phys. Rev. 94, 737 
5 Feshbach, Porter, and Welahand Phys. Rev. 96, 448 (1954). 


1411 


Tasxe IT. Well depths for various radius constants. 
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in GLI by the ratios 100ew*/e? as functions of «’. 
Such a representation for the case 5=0.3 is shown in 
Fig. 1. Clearly a specific choice of V» (or ro) enables one 
to translate the vertical scale into an absolute energy 
scale. 

To apply this work to the study of neutron binding 
energies it is necessary to relate ¢ to the neutron 
number, which essentially means to relate N to A. In an 
earlier preliminary study* the relationship V = A/2 was 
used. For the present more detailed investigation, an 

—A relationship is used which embodies the general 
trend of the line of beta stability. This relationship is 
derived from 


Dy'(A)=0.4A2/(A+200), (9) 


where D,,*(A) is the neutron excess for the minimum of 
the empirical mass surface valley. With this expression 
and Eq. (5), one may convert ¢ into a function of N 
itself. 


100 €2 se? 
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Fic. 1. Energy eigenvalues for various states in units of (V/100) 
as functions of «? under the assumption of 6=0.3. The points 
represent the roximate location of the outermost neutron in 
beta stable nuclides with N = 10, 20, etc. 
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To investigate the general trends of theoretical neu- 
tron binding energies, the following sequence of calcu- 
lations was made: (1) The e* values for NV values in 
steps of 10 from 10 to 150 and for 6=0, 0.1, 0.2, 0.3, 
and 0.4 were calculated. (2) For each combination the 
array of energy levels then is found by means of a 
vertical line through the ¢ value on the appropriate 
graph (see Fig. 1). The N particles are then placed in 
the lowest states permitted by the Pauli exclusion prin- 
ciple. The 100¢y?/ 9 
obtained in this way are shown in Fig. 1 for 6=0.3. 


values for the outermost particles 
he results for all 6's, presented as functions of NV or A, 
are shown in Fig. 2 

The general trends of experimental neutron binding 
energies for beta stable nuclides are fairly well sum- 


marized by the expression: 


B, = 10.235—0.01862A (Mev 10 
which is derived from the empirical mass equation.’ 
This expression is also represented on Fig. 2 for each r 
and Vo listed in Table II. An examination of this dia- 
gram reveals that agreement between the general trends 
of experiment and theory is secured only within the 
diffuseness parameter range 6=0.25+~0.05. Within 
this limited range the required diffuseness parameter 


depends upon r 
7A. E. S. Green, Nuciear Physics (McGraw Hill Book Com- 
pany, Inc., New York, 1955) 


S 


GREEN 


4. PROTON BINDING ENERGIES 


The Coulomb repulsion, of course, acts upon the indi- 
vidual protons and hence appreciably complicates the 
calculations for proton binding energies. Fortunately an 
approximate procedure has been developed® for cor- 
recting for the Coulomb effect which permits the 
utilization of the eigenvalues determined in GLI. To do 
so, the single-particle Coulomb potential energy in the 
uniform part of the well is approximated by a constant 
equal to its rms value. In the exponential outer region 
the Coulomb potential energy is approximated by a 
constant plus an exponentially decaying potential with 
the same decay length as the nuclear potential. The 
outer potential! is chosen to match the Coulomb poten- 
tial at r= 1.1a+é6a. With these prescriptions it is found, 
after straightforward but tedious calculation, that 
the individual-particle Coulomb energy may be ex- 
pressed by 
V.=(Z—1)ULa(8)+8(8) ]/a(6,A), r< 

= (Z—1)U La(d)e**+-8(8) |/a(5,a), r>a, 


a 


(11) 


where U’.=0.86392 Mev and a(é) and 8(6) are as given 
in Table ITI. 

To apply the eigenvalues in GLI, one essentially 
first goes to a composite well strength value and looks 
up the corresponding eigenvalues which represent the 
energies measured to the top of the Coulomb barrier. 
To get the actual energy levels, one then subtracts 
away the height of the barrier. Because of the a(6,A) 
term, the Coulomb correction is dependent upon the 
choice of ro. The results of energy calculations for 
6=0.2 and 6=0.3 each for ro= 1.1, 1.3, and 1.5 are shown 
by the broken lines in Fig. 3. It should be clear from 
this figure that the proton levels are rather insensitive 
to the radius constant assumed for the Coulomb cor- 
rection. The straight lines on this diagram correspond 
to the expression : 


B,=9.453—0.01862A (Mev), (12) 


which also is derived from the empirical mass surface 
and which represents the general trends of proton 
binding energies fairly well. Again it appears that the 


Tas e III. Coulomb correction functions.* 


4 alé 
0.758 
0.654 
0.562 
0.493 
0.437 
0.392 


0.242 
0.280 
0.286 
0.267 
0.240 
0.213 


0.0 
0.1 
0.2 
03 
0.4 
05 


* The values of a and 8 given here have been determined so that the 
IPM Coulomb potential energy approximates one half the classical Cou- 
lomb energy of a single proton in the electrostatic field of the other Z —1 
protons. These other protons are assumed to be distributed according to 
a density function which is proportional to the nuclear potential function. 


* Kiuck Lee and A. E. S. Green (unpublished). 
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general trends of experimental particle binding energies 
are predicted when 6=0.254+~0.05. 


5. EFFECT OF SPIN-ORBIT SPLITTINGS 


In view of the successes of the Mayer,’ Haxel-Jensen- 
Suess” strong spin-orbit coupling model, it would 
appear essential to incorporate a phenomenological 
spin-orbit energy into a study of particle binding 
energies. For initial studies, one might proceed by 
assuming a simple spin-orbit energy given by 


Wo=—Al-s=48+1), i=l—} 


—3pl,  iml+h. (13) 


The shifts in 100¢w*/€? values caused by this perturba- 
tion have been computed for a 8 such that 


1008/V9=1. (14) 


For Vo=53 Mev (i.e., ro=1.3), this corresponds to 
8=0.53 Mev which is very close to a spin-orbit coupling 
constant used successfully by Malenka."' The neutron 
binding energies for 6=0.2 and 6=0.3 for every second 
particle arrived at by calculations similar to those de- 
scribed in Sec. 3 are shown in Fig. 4. The proton binding 
gy? for 6=0.2 and 6=0.3 and ro= 1.3 are shown in 
Fig. 5. Also shown are empirical particle binding energy 
curves based upon ro=1.3 which incorporate approxi- 
mate shell corrections which have been inferred pre- 
2 2 
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Fic. 3. Proton binding energies for 6=0.2 and 0.3 and when 
ro 1,1, 1.3, and 1.5 are used in the Coulomb corrections. The 
straight lines represent Eq. (12) 

*M. G. Mayer, Phys. Rev. 78, 16 (1950) 

® Haxel, Jensen, and Suess, Z. Physik 128, 295 (1950) 

u B. J. Malenka, Phys. Rev. 86, 68 (1952). 
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Fic, 4. Neutron binding energies when phenomenological spin- 
orbit splittings are included, The dashed line represents an em- 
pirical expression discussed in references 7 and 12 and which is 
based upon ro= 1.3. 


viously from the experimental data.’ In both the 
proton and neutron cases, the empirical curve drifts 
gradually from the 6=0.3 points for light nuclei 
towards the 6=0.2 points for heavy nuclei. It would 
appear, therefore, that the best sets of theoretical 
particle binding energies would be those inferred by 
interpolation between these If one envisages 
these intermediate cases one is led to a theoretical set 
of particle binding energies which (a) reproduces the 
over-all general trends of the experimental binding 
energies, (b) generates the major magic numbers, 
(c) produces energy discontinuities of reasonable magni- 
tudes, (d) is approximately consistent with the empirical 
line of beta stability. 


cases. 


6. DISCUSSION AND CONCLUSION 


It is perhaps appropriate first to call attention to 
several limitations of the current study. These limita- 
tions which are all suggestive of further lines of work 
are as follows: 

(a) The simple spin-orbit energy with constant 
parameter should not be taken too literally. In the 
absence of a firm theoretical basis for the nuclear spin- 
orbit energy, one might at least proceed on the basis of 
a Thomas-like expression. The evaluation of the relative 
separation constants however is then a tedious chore 
which has yet to be completed. Changes in relative 
separations will influence appreciably the fine details 
of particle binding energies between major shells. 

(b) There are some uncertainties as to the validity 
of the use of 55 and 150 for the A-value locations of the 


aA ES. S. Green and D. F. Edwards, Phys. Rev. 91, 46 (1953), 
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Fic. 5. Proton binding energies when phenomenological spin- 


orbit splittings are included. The dashed lines represent an em- 
pirical expression discussed in references 7 and 12, 


third and fourth s-wave maxima. In particular, measure- 
ments of '/D suggest that the 4s maximum occurs at 
A~170."* The use of this standard with a given 6 does 
not appreciably alter the predicted particle binding 
energies of light and middle weight nuclides but does 
significantly lower those for heavy weight nuclides. 
Accordingly, with the new standard the diffuseness 
parameter falls off more rapidly with A. When 170 is 
chosen as the critical A-value, the effective well strength 
«(0,A) and the effective radius parameter a(0,A) both 
have large constant terms. Agreement with Emmerich’s 
radius function, 


R=1.26A!+0.7, (15) 


is secured if V» is taken as 42 Mev. With these param- 
eter assignments, the diffuseness parameter would have 
to migrate to about 0.13 for heavy elements to yield 
particle binding energies of the correct order of mag- 
nitude. 

This sensitivity of the results to the function €(6,A) 
points to the need for very careful consideration of 
experimental data which might be used to fix this 
function. In a preliminary study, use was made of the 
simple explicit function: 


€o(6,A) = (2.08— 25) A}, (16) 


which was arrived at in an effort to standardize upon 
the 2s as well as the 3s and 4s maxima. While this 
function is not very much different from that used 
here, it led to a somewhat higher average estimate for 
the diffuseness parameter (i.e., 6~0.3). 

(c) For expediency, in this study use has been made 


4 W. S. Emmerich, Phys. Rev. 98, 1148(A) (1955), and private 
communication. 


of empirical summaries of the experimental data rather 
than the experimental data themselves. In doing so, it 
must be emphasized that the empirical expressions only 
indicate the gross tendencies of the experimental data. 
Nevertheless, it might be pointed out that the simple 
analytic shell correction upon which the dotted lines in 
Figs. 4 and 5 are based accounts directly for the six 
relevant conclusions on nuclear structure reached by 
Way and Wood" from a detailed study of beta 
systematics. 

(d) Configuration interactions as well as two-body 
and many-body forces which are not embodied in the 
central field undoubtedly influence the fine details of 
particle binding energies in a complicated manner. 

(e) In view of the great sensitivity of the outermost 
nuclear levels to small changes in the diffuseness param- 
eter, one might expect also a rather large sensitivity to 
aspherical deviations in the shape of the potential. 

Despite these limitations, it is thought that the 
present investigation has served a useful function in 
exposing the great influence of the diffuseness of the 
nuclear boundary upon particle binding energies and 
indicating the approximate extent of diffuseness neces- 
sary to account for particle binding energies. Clearly 
the square well must be rejected because it leads to 
particle binding energies which are much too large. 
A well with a diffuseness parameter greater than 5=0.4 
must be rejected because it leads to particle binding 
energies which are too small. The cut-off harmonic 
oscillator potential is such a well. 

While there are still many uncertainties, it is believed 
that the restriction of the diffuseness parameter to the 
approximate range 5=0.25+ ~0.05 is relatively insensi- 
tive to the factors discussed above. If, for example, 
forces not embodied in the central field change the 
binding energies of the outermost particles by as much 
as 1 or 2 Mev, only a small change in our diffuseness 
parameter estimate would serve to make the net energy 
again agree with experiment. 

This study affords a rather simple explanation for the 
progressive increase of particle binding energies as 
major shells are filled. Rather than reflecting the effect 
of interparticle interactions, this behavior may pri- 
marily reflect the great sensitivity of the outermost 
energy levels to the small changes in ¢¢* associated with 
the progressive addition of particles. The fact that sub- 
shell effects are not very apparent in the binding energy 
data might be accounted for by appropriate spacing of 
the energy levels within a shell. This spacing would be 
expected to be dependent upon fine details of nuclear 
forces. 

This study also suggests that a coupling between 
individual particle motion and the collective motion of 
the outer nucleons might occur through the inter- 
mediary of changes in the diffuseness parameter. Thus, 
if the collective interactions near closed shells cause 


“ K. Way and M. Wood, Phys. Rev. 94, 119 (1954). 
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contraction of the region of diffuseness, the independent- 
particle model levels will separate. This is as experi- 
mental observations suggest. Such a coupling is analo- 
gous to that which occurs in the Bohr collective model 
of the nucleus through the intermediary of aspherical 
surface distortions.'® 

If one wishes to compare the diffuseness parameters 
arrived at here with the diffuseness corresponding to 
other shapes, the 0.9 to 0.1 fall-off distance for a fixed 
distance to the 0.5 point might serve as a reasonable 
basis for comparison. Let us suppose, for a heavy 
element, that the distance to the 0.5 point is R=6,7 
(in units of 10’ cm). Then 6=0.2 corresponds to a 
fall-off distance of 2.6. This is only slightly more diffuse 
than the experimentally determined fall-off length (2.2) 
for the nuclear charge distribution in lead,'* but appreci- 

4A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selsbab, Mat.-fys. Medd. 27, (16) (1953). 


16 Hill, Freeman, and Ford, Bull. Am. Phys. Soc. 30, No. 3, 
49 (1955). 
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ably less diffuse than Swiatecki’s recent theoretical 
determination (3.1-+4.3) based upon surface energies."” 

In closing, it might be remarked that practically all 
of the evidence relating to nuclear shell structure comes 
from phenomena originating in the outermost regions 
of the nucleus. In view of the sensitivity of particle 
binding energies to the diffuseness parameter, one might 
well hope that many of the quantitative difficulties 
with the independent particle model might be removed 
by the use of nuclear potentials with appropriate de- 
grees of diffuseness. 

The writer would like to express his thanks to Pro- 
fessor E. Wigner for a helpful conversation, to Dr. M. A. 
Melvin for his critical reading of the manuscript, and to 
Julius Salacz-Dohnanyi, Kiuck Lee, Dane A. McNeill, 
and Kenneth Zankel for their assistance with the 
calculations. 


17 W. J. Swiatecki, Phys. Rev. 98, 204 (1955). 
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Neutron-Deficient Activities of Terbium 
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A survey was made of the neutron-deficient activities of terbium produced by proton bombardment of 
enriched isotopes of gadolinium. Half-lives and mass assignments are made for Tb" and Tb'™, and the 
limits of half-lives for Tb’, Tb'*’, and Tb" are defined. Data were obtained on the gamma-ray spectrum 


of Th'™. 


SURVEY has been completed of the neutron- 

deficient activities of terbium which were pro- 
duced by proton bombardment of enriched stable 
isotopes of gadolinium. The stable gadolinium isotopes 
of masses 152 through 158, in the form of oxides, were 
bombarded with protons in the Oak Ridge National 
Laboratory 86-inch cyclotron. After bombardment, ion 
exchange methods! were used to separate the products. 
The energy of the incident proton beam was controlled 
with appropriate aluminum absorbers. In separate runs, 
beam energies of 9.5, 14.0, and 22.4 Mev were used in 
order to insure that the reaction was chiefly (p,m), (p,2m), 
or (p,3n). Following separation, the terbium fraction 
was investigated for nuclear properties, such as half- 
lives and radiations, by the use of absorption and decay 
data, scintillation spectrometers, and alpha and beta 
counters. Assignment of mass numbers is based on 
excitation functions as determined experimentally and 
on enrichment factors of the stable gadolinium iso- 
topes, Table I. Limits for the half-lives of some mass 


1B. H. Ketelle and G. E. Boyd, J. Am. Chem. Soc. 69, 2800 
(1947). 


numbers are based on the relative production of the 
5.2-day activity assigned to Tb*. By assuming equal 
counting efficiencies and with corrections for length of 
bombardment, decay, chemical yields, and mass analysis 
of the stable isotopes, it is possible to calculate the 
minimum half-life of the longer lived activities. Because 
of these assumptions, these half-lives may be in error 
by as much as an order of magnitude. By using shorter 
bombardment times (2 or 3 minutes) and without 
attempting any separations, upper limits for half-lives 
are assigned to several mass numbers. This upper 
limit was controlled by the time required to get the 


TaBLe I. Analyses of enriched gadolinium isotopes. 





Isotopic analyses (%) 


154 185 156 157 158 





11.67 
4.50 
2.86 
4.30 

19.90 

92.47 


10.08 
5.49 
4 

10.02 

69.68 
3.15 


27.26 
38.57 
72.28 
4.34 
1.23 


19.32 
15,92 
17.72 
80.22 
731 
0.84 
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Taste II. Nuclear properties of terbium nuclides. 





Energies 
of par- 
ticles 

Mev 


Energies of 
gamma transi- 
tions (Mev 


Type of 
decay 


Half-life 


Isotope 





Tb'* <10 min or 


>5 years 
<10 min or 
>25 years 


5.2 days 0.6 2.0, 1.8, 1.4, 1.2, 
0.2 0.76, 0.54, 0.36, 
0.26, 0.21, 0.10 


55hours 0.14 


min or 
years 


17.5 hours 
~7.5 hours 
<10 min or 
>S5 years 
Previously reported 19-hour a activity not observed 


© reference 4 


sample into a counter after completion of bombard- 
ment 

It was planned originally to make an exhaustive 
study of these activities but, due to a shutdown of the 
cyclotron for changes in design, this was impossible. 
Results obtained are presented at this time with the 
hope that they may be of value to others who may wish 
to continue the work. Table II is a summary of the 
results. As noted in the table, there are a number of 
disagreements with previous work. 


TERBIUM-158 


Tabulated nuclear data? make no activity assign- 
ment to Tb"**. The terbium fraction produced by bom- 
bardment of enriched Gd'*’ with 9.5-Mev protons was 
found to contain only 73-day Tb’, decay of which 
Bombardment with 
14.0-Mev protons yielded 5.2-day and 5.5-hour a 


was followed for two half-lives. 
tivities, and a very small amount of 73-day Tb'®. The 
5.2-day and 5.5-hour activities are assigned to Tb'** 
(see below), and are produced by (p,2m) on the 3% 
abundant Gd’. Bombardment with 22.4-Mev protons 
yielded the 5.2-day and 5.5-hour activities and a very 
small amount of a longer-lived component. Based on 
production of the 5.2-day activity and the amount of 
long-lived activity present, limits of <10 min or >5 
years were placed on the half-life of Tb’*. The upper 
limit was ascertained by short bombardments with no 
attempt to separate products. 


* Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 469 
(1953). 
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TERBIUM-157 


Other workers’ have assigned a 4.7-day activity to 
this mass. Later work* indicates a much longer half-life ; 
the present work is in agreement with the latter. 

Following bombardment of enriched Gd"*’ with 9.5- 
and 14.0-Mev protons, the terbium fraction was found 
to contain the 5.2-day and 5.5-hour Tb” activities 
with a longer-lived component only about twice back- 
ground. Bombardment with 22.4-Mev protons yielded 
5.2-day, 5.5-hour, and 17.5-hour activities. The 17.5- 
hour activity is assigned to Tb™ (see below) and is 
formed by the (p,3n) reaction on the 7.3% abundant 
Gd". By methods previously described, calculated 
limits of <10 min or >25 years were placed on the 
half-life of Tb*’. This agrees with previously reported 
results obtained by bombarding terbium.‘ If some of 
the long-lived activity is due to Tb'® produced by the 
(p,m) reaction on 1.74% abundant Gd’, then the 
limits on the half-life must be greater. 


TERBIUM-156 


Wilkinson and Hicks’ have assigned a 5.0-hour 
activity to this mass. In the present work, bombard- 
ment of enriched Gd"* with a 9.5-Mev protons yielded 
5.2-day and 5.5-hour activities and a small fraction of 
longer-lived component. The 5.5-hour component was 
not observed when the decay of an aliquot was followed 
by counting through a 10-mil aluminum absorber. The 
ratio of the beta counting rates of the 5.5-hour com- 
ponent to the 5.2-day component was observed to 
remain the same for bombardments of varying lengths, 
after corrections for time of bombardment and decay 
had been made. The ratio of 80 to 1 (5.5-hour to 5.2- 
day) was observed from G-M counting and was inde- 
pendent of either enrichment or particle energy. Thus, 
it appears the two activities are isomeric. They are 
assigned to Tb'®* because they are produced by 22.4- 
Mev protons on Gd’ and by 9.5-Mev protons on Gd!*7 
which contains 7.31% Gd'**. Aluminum absorption 
data show the 5.5-hour component to decay by negatron 
emission with a single beta group of 0.14-Mev energy. 

Aluminum absorption data obtained after the 5.5- 
hour activity had decayed out indicated the beta 
activity of the 5.2-day activity to consist of two beta 
groups with maximum energies of 0.6 and 0.2 Mev. The 
gamma-ray spectrum of the 5.2-day activity showed the 
presence of a number of gamma rays as well as a large 
amount of K x-rays from gadolinium (Table II). It 
appears, therefore, that the 5.2-day activity decays to 
Dy"™* by beta emission and to Gd™* by K-electron 
capture. The ratio K/8~ is believed to be large. The 
amount of 8* branching in the latter case must be 
small since no 0.51-Mev annihilation radiation was seen 
in the gamma-ray spectrum. 

By use of a krypton-methane-filled x-ray propor- 

* G. Wilkinson and H. G. Hicks, Phys. Rev. 79, 815 (1950) 

‘T. H. Handley and E. L. Olson, Phys. Rev. 90, 500 (1953). 
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tional counter spectrometer equipped with a linear 
amplifier and a differential and integral pulse-height 
selector, the Z x-ray region (~6 kev) was studied for 
sources of both activities. L x-rays from dysprosium were 
observed with the 5.5-hour activity which indicates the 
presence of a highly converted weak gamma ray. 
Polystyrene absorption data obtained by using a beta 
proportional windowless methane flow-type counter 
showed the presence of weak conversion electrons in 
the short-lived activity. Decay of the L x-ray peak was 
followed and the observed half-life was 5.5 hours. As 
the 5.5-hour activity decayed, however, the energy of 
the L x-ray shifted until the peak leveled off into a 
a half-life of 5.2 days and the energy of the L x-ray 
corresponded to that of x-rays of gadolinium. 

The integral gamma counting rate was followed by 
using a Nal gamma scintillation counter. These data 
showed a small increase of gamma activity reaching a 
maximum approximately 18 hours after separation. 
Attempts to find which of the several gammas observed 
are responsible were unsuccessful. 


TERBIUM-155 


Others*® have assigned a 190-day activity to this mass. 
In the present work bombardment of enriched Gd'* 
(isotopic analysis Table I) with 9.5-Mev protons 
yielded only 5.2-day and 5.5-hour activities in the 
terbium fraction. These have been assigned to Tb"™* and 


were produced in this bombardment by the (p,m) reac- 
tion on the 17.72% Gd"* remaining in the enriched 
Gd'*5, By using methods previously described, calcu- 
lated limits of <10 minutes or >5 years are placed on 
the half-life of Tb’. 


TERBIUM-154 


Tb'™ has been reported’ as a 17.2-hour activity. In 
the present work, bombardment of enriched Gd" with 
14.5-Mev protons yielded 5.2-day, 17.5-hour, and 7.5- 
hour components. The 7.5-hour activity was observed 
by counting through a thick absorber; thus, it is not 
the same activity (5.5-hour) observed in previous bom- 
bardments of heavier gadolinium isotopes. Also the 
ratio of the 7.5-hour to the 5.2-day activity was 500 
to 1. Previously it was shown that the ratio of the 5.5- 
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hour to the 5.2-day was consistantly 80 to 1. Bombard- 
ment with 22.4-Mev protons gave essentially the same 
results. Therefore, the 7.5-hour activity is assigned to 
Tb™; it cannot be assigned to any mass higher than 
154, since it was not produced by 9.5-Mev protons on 
the enriched Gd"* sample. Similarly, the assignment of 
the 17.5-hour activity can be made to mass 154 or 
lower since it was produced in the same manner as the 
7.5-hour activity and was also not produced by 9.5-Mev 
protons on enriched Gd"™*. In addition, bombardment 
of enriched Gd™ with 9.5-Mev protons yielded, in the 
Tb fraction, 5.2-day, 17.5-hour, and 7.5-hour activities. 
Since the 9.5-Mev protons produce only a (p,m) reac- 
tion, the possibility of either of these two activities 
being Tb’ is small. Thus, the activities seem logically 
to fall only to the 154 mass assignment. 

If these activities are Th', they would have been 
formed by the (p,#) reaction on Gd", In the enriched 
Gd"** sample, there was 44% more Gd" than in the 
Gd'™ sample. However, no 17.5-hour or 7.5-hour 
activities were produced by 9.5-Mev protons on Gd", 
but a large amount was observed in terbium fraction 
from the Gd'™(p,) reaction. Consequently, the assign- 
ment of both the 17.5-hour and 7.5-hour activities is 
made to Tb™. 

Further study of these nuclides was interrupted by 
the shutdown of the 86-inch cyclotron. 


TERBIUM-152 


Tabulated nuclear data? make no activity assignment 
to Tb'*. Bombardment of Gd"? did not yield any new 
activities. However, since the enriched Gd! contains 
appreciable amounts of the other isotopes, it is some- 
what difficult to analyze the decay curve. There could 
be some new activity present with a half-life nearly 
the same as one already identified. 


TERBIUM-151 


The 19-hour a activity previously reported® was not 
observed by bombarding Gd" with 14.0- or 22.4-Mev 
protons. No a activities were observed in any of the 
terbium fractions, in which heavier gadolinium isotopes 
were bombarded. 


6 Rasmussen, Thompson, and Ghiorso, Phys. Rev. $9, 33 (1953), 
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The Hartree self-consistent method is generalized to apply to a system with strong two-body correlations. 
The generalized Hartree method is shown to be equivalent to solving a self-consistent equation for the mutual 
interaction of two particles moving in average fields together with a Hartree-Fock variational problem. In 
this form the method is equivalent to, and provides a simple explanation of, the nuclear saturation pro- 


cedure used by Brueckner, Levinson, and Mahmoud. 





\. INTRODUCTION 


URING the past two years Brueckner and others!~* 

at Indiana University have developed a method 
for studying the nucleus as a many-body system. This 
method assumes that the system interacts via two-body 
forces only. It is based on a complicated formalism 
which tends to obscure the physical meaning of the 
work, particularly in its application to nuclear satura- 
tion. It is the purpose of this paper to give a much 
simpler but equivalent method of studying nuclear 
saturation. It will not be assumed that the reader has 
any previous knowledge of the Indiana work and it is 
hoped that this will make the paper of some use to 
nonspecialists. 

The method developed here is based on the Hartree- 
Fock procedure for self-consistent fields, which is 
generalized to take account of two-body correlations 
in the nucleus. In Sec. II the generalization is illustrated 
by considering a two-particle system. The two particles 
are each assumed to move in an average field together 
with a strong mutual interaction. An equivalent prob- 
lem is formulated in which the strong mutual inter- 
action is replaced by a mean effective interaction which 
is to be determined so that the total energy is unchanged. 

The extension to a many-particle system is quite 
straightforward and is described in Sec. III. This leads 
to the generalized Hartree self-consistent equations 
which give relations between (i) the effective two-body 
potentials in the nuclear medium, (ii) average poten- 
tials which determine the equivalent independent- 
particle motion, and (iii) the wave functions for the 
independent-particle motion. This can be compared 
with the usual Hartree method where the effective 
two-body potential is approximated by the actual 
two-body potential. It is shown that these self-con- 
sistent equations can be replaced by equations relating 
(i) the effective two-body potentials, and (ii) the aver- 

* Supported by a grant from the National Science Foundation. 

¢t Smithson Research Fellow of the Royal Society, on leave of 
absence from Clare College, Cambridge, England. 

1 Brueckner, Levinson, and Mahmoud, Phys. Rev. 95, 217 
ox A. Brueckner, Phys. Rev. 96, 508 (1954) 

*K. A. Brueckner, Phys. Rev. 97, 1353 (1954) 

*K. A. Brueckner and C. A. Levinson, Phys. Rev. 97, 1344 


(1955). 
*R. 1. Eden and N. C. Francis, Phys. Rev. 97, 1366 (1955). 


age potentials, both evaluated for a trial set of the 
independent-particle wave functions (iii), provided that 
the trial wave functions are then varied (as in the 
Hartree-Fock method) to minimize the expectation 
value of an average energy which is determined by the 
effective two-body potentials. The optimum trial wave 
functions in the variational method will satisfy the 
self-consistent equations. 

The equivalence of the generalized Hartree equations 
and the generalized Hartree-Fock method provide a 
justification of the saturation procedure used by 
Brueckner, Levinson, and Mahmoud,! and Brueckner.?* 
This justification is subject to the correctness of the 
assumption that no higher than two-body correlations 
are important in the nuclear saturation problem. The 
method of solving the generalized Hartree-Fock prob- 
lem is briefly described and comments are made on 
some of the approximations involved. 


Il. INTERACTION OF TWO PARTICLES 


The generalized Hartree method will be illustrated 
in this section by considering a system of two particles 
moving in potentials V; and V, with mutual interaction 
?2. The Schrédinger equation is 


{E— T;- T2- Vi— Ve—032) ¥ (1,2) =0, (1) 


where 7, and 7; denote the kinetic energy operators. 
The usual Hartree-Fock method is designed to obtain 
the product wave function yy. which gives the mini- 
mum expectation value to the energy, 


(Wide, (714+ Trt Vit Vit ti hi¥2). (2) 


The resulting self-consistent solution will be exact only 
if it is possible to obtain product wave functions for 
which the interaction 2, is diagonal. For a potential 0,2 
which is strong and may contain a repulsive core, the 
off-diagonal matrix elements are very important and 
cannot be small with respect to any product wave 
function. Physically this corresponds to the solution 
to the problem (1) containing strong two-body correla- 
tions, Thus, for a repulsive core potential, ¥(1,2) must 
be zero whenever particles 1 and 2 are separated by a 
distance smaller than the repulsive core radius. 

In order to allow for a strong potential m2, we will 
consider instead of (1) a Schrédinger equation for a 
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similar system which has the same energy eigenvalue E 
but which contains a weaker interaction f,, between 
the two particles, 


{E— Ti— T:— Vi— Ve—hh} O(1,2) = 0. (3) 


If the solutions to Eqs. (1) and (3) are both for bound 
states, they will have the same energy eigenvalue if ty: 
is chosen so that 


AE= (®(1,2),t:2¥(1,2))= @(1,2),012¥(1,2)). (4) 


If we now apply the usual Hartree method to the 
problem given by Eq. (3), it will give an exact solution 
for the energy provided ¢,, is chosen so that it is di- 
agonal with respect to the product wave functions 
¢1¢2 which satisfy the self-consistent equations: 


{E,—T,—V:—»}¢:=0, 
{ E.—T2— V2—2}¢:=0, 
11= (G2,ti2b2), (6a) 
02= ($1,t1291). (6b) 


Hence we wish to choose ty, so that it is a diagonal 
matrix, with matrix elements given by the energy shift 
in going from the equation 


{E—AE-T,—T:— Vi— V2} ¢:62=0, (7) 


to the Eq. (1) with interaction 22 included. This energy 
shift is simply the diagonal part of the complete per- 
turbation series for the energy, 


1 
ha™ %19--019-—_—_—_———*t-:-, ©) 
(E— T - T2- J _— J 2) 


(Sa) 
(Sb) 


which is equivalent to the integral equation 


1 


bho=Viet tie a Manes ay, (9) 
(E-~-T,—T:— V:1— V2) 
In (8) and (9) the sum over intermediate states must 
be defined to exclude the state ¢:¢2 itself (which corre- 
sponds to the energy eigenvalue we are considering). 
It is easily verified that (4) is satisfied and 


AE= ($162, t126162) = (612,212 (1,2)). (10) 


We have now written the problem of obtaining the 
exact energy of Eq. (1) in a form suitable for considering 
strong interactions. The problem is now in two stages: 
first the Eq. (9) for t;: must be solved ; second the Har- 
tree self-consistent problem defined by Eqs. (5) and 
(6) must be solved. 

Before proceeding to the more general problem of 
many particles in interaction, two points should be 
noted. The first is related to the solution of (9). It will 
be seen that if V; and V; could be approximated by a 
nearly constant potential then /,; is simply the two-body 
reaction matrix and its diagonal part with respect to 
the (plane wave) product wave function is related to 
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the forward-scattering amplitude for two-body scatter- 
ing, (the different boundary conditions give tané in- 
stead of the usual scattering solution sind where 4 is 
the phase shift). The second point concerns the soluion 
to the Hartree Eqs. (5) and (6). It may in practice be 
simpler to replace these equations by the Hartree-Fock 
variational problem and minimize the energy 


(Gid2, (71+ Tot Vit Vet hi}oids) (11) 


for some trial form of wave functions ¢;, ¢:. The varia- 
tional method will be particularly useful if it is not 
possible to obtain V,; and V; in a form which will 
approximate to the boundaries of the potential in 
coordinate space. In that case one can attempt to 
simulate the boundaries by choice of ¢; and ¢y. 


Ill. INTERACTION OF MANY PARTICLES 


In this section the method of allowing for two-body 
correlations described above will be extended to apply 
to a many-body system. It will be assumed that three- 
body and higher correlations can be neglected. This is 
equivalent to assuming that the interaction of each 
pair of particles can be considered as in the last section 
with the effect of the rest of the system represented by 
potentials V,; and Vy. These mean potentials can be 
obtained at once by analogy with the effective inter- 
action potential », [see Eq. (6a)] which particle 2 
exerts on particle 1. 

We consider a system of A nucleons interacting with 
potentials o, 1, 7=1, 2, ---, A. It is required that V; 
should represent the mean effective interaction poten- 
tial of particles 3, 4, ---A on particle 1; hence, by com- 
parison with (6a), and adding contributions from all 
particles, 


(12) 


A 
Vi= XL (itis), 
pond 


where 1; is to be defined by an equation similar to 
Eq. (9). 

The complete generalized Hartree equations for the 
system can now be written down. The dependence of 
the potential V, on the solutions to the t,, equations 
means that now these also form a self-consistent set of 
equations which are coupled to the usual Hartree equa- 
tions. The self-consistent potentials will be denoted by 
V,, i= 1, 2, ---A. 


A 
Vi=> (dj,tighys), (13) 


i+ 
t= vy vy Bet Ey— T— Tj— Vi— Vi— (65) Fb, 
(E,-T,-V)o:=0. 


(14) 
(15) 


The self-consistent solution to these equations will 
correspond to a “model” having the same energy as the 
nucleus provided that three-body or higher order corre- 
lations do not lead to an important contribution to 
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nuclear energy. The model wave function will be the 
product 


(1,2,---A)=@idb2- + “oa. (16) 


It is to be expected that a self-consistent solution to 
Eqs. (13), (14), (15) will determine a boundary for the 
model which approximates to the nuclear surface as 
determined by the solution of the many-body Schréd- 
inger equation: 


4 


(E-> T .-> v4) ¥ (1,2, 


(17) 


However the self-consistent problem as stated in 
Eqs. (13), (14), and (15) would be extremely hard to 
solve in terms of potentials V; localized in coordinate 
space to a region approximating to the nuclear volume. 
The approximate solution can be greatly simplified if 
we make use of Fock’s theorem that the Hartree self- 
consistent equations are equivalent to an optimum 
variational calculation with the trial wave function in 
the form of a product. This result can be incorporated 
in our method by replacing the equations (15) for the 
wave functions by a variational procedure to minimize 
the energy, 


‘ A 
(Pi oa, (2% T+ bu}or- + +a). 18) 


ti! 
The generalized Hartree-Fock Eqs. (13), (14), and 
minimizing (18), are in a form convenient for obtaining 
approximate solution for a large nucleus. 

For each set of trial wave functions ¢,, it is possible 
in principle to solve Eqs. (13) and (14) to give self- 
consistent forms for V; and fy. The solution tj; can 
then be inserted in (18) together with the trial wave 
functions ¢,;. The optimum choice of ¢; gives a minimum 
value of (18) and corresponds to a solution of (15). 

The procedure adopted by Brueckner’ is equivalent 
to taking for the trial wave function ¢; a set of plane 
waves chosen to vanish at a given boundary surface. 
these are chosen to satisfy the exclusion principle and 
in the lowest state correspond to a Fermi gas of non- 
interacting particles. These trial wave functions are 
taken to depend on one parameter corresponding to 
the radius a of the boundary surface. For plane waves, 
V, can depend only on the momentum of the ith par- 
ticle and so must be expressible as a power series 
a+bk?+---. If only the first two terms of this series 
are taken, the bk? term can be combined with the 
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kinetic energy T; in (14) by giving each particle a 
reduced mass m/ (1+ 26m). This enables one to approxi- 
mate the solution /;; of (14) by the two-body reaction 
matrix for two particles with momenta k; and k,.* 
The requirement that t;; be diagonal with respect to the 
states ¢; means that in this approximation it is related 
to the forward scattering amplitude of these reduced- 
mass particles. This solution depends of course on the 
trial functions ¢;, and for plane-wave trial functions ¢,; 
is a function of the radius parameter a. This leads to an 
energy (18) which is a function of a. The minimum 
value of this energy gives a radius di, which corre- 
sponds to the optimum Fermi gas trial wave function. 
The corresponding energy should give an upper bound 
to the nuclear energy which could be further reduced 
by allowing for the shape of the trial wave function in 
its boundary region, but this should be unimportant 
for a large nucleus. 

Finally, since, subject to the assumptions made, 
this method should not lead to less than the actual 
nuclear energy, a comment is necessary on the accuracy 
of the assumptions and approximations. It is noted that 
Brueckner’s’ result led to a volume energy for a nucleon 
of 12 Mev and to a nuclear radius 1.4X10-"A!. The 
method neglects antisymmetrization except for taking 
the trial wave function #(1,2,---A) to satisfy the 
exclusion principle. Correlations of higher order than 
two-body are neglected, but this seems reasonable as 
there is little evidence for strong clustering in a large 
nucleus, and numerical estimates from the many-body 
theory! indicate that higher order effects are small. 
The principal error probably comes from the approxima- 
tions in solving the self-consistent equations (13) and 
(14) which should be modified‘ to take account of the 
exclusion principle. We conclude that although the use 
of a trial wave function will give an upper bound to the 
nuclear energy, this must not be interpreted too literally 
since other approximations have been made which are 
probably more important than the error due to the 
form of trial wave function used. 
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A system of A nucleons with two-nucleon potentials V (i,k) acting between each pair of them is taken 
as a model for the nucleus. A variation method for obtaining the best approximation to the wave function 


of this system as a linear combination of a given set of functions, ya, - 


, ¥q, is presented. In view of the 


evidence for shell effects, each Yq is assumed to describe A identical particles moving in a central field V’. 
In general, the amplitudes of only a small number of ¥q are large. For a central Gaussian interaction V (i,4) 
and a harmonic oscillator potential V’, this method can account for the binding energy of one neutron 
in O'’, but not for the total binding energy of O'*. The model is compared with a spectroscopic one for a 


double closed shell core plus outer nucleons. 


UBSTANTIAL experimental evidence has long 

suggested that single-particle wave functions play 
a significant role in the description of the state of a 
nucleus. The earliest and simplest model' can be 
described as follows: The angular momenta of the 
nucleons of an even-even nucleus couple to total 
angular momentum J/=0. A nucleus with odd mass 
number A consists of an even-even core with J=0 and 
a single outer nucleon, the state of this nucleon being 
determined by the sequence of levels in an isotropic 
harmonic oscillator well, assuming strong spin-orbit 
coupling. 

This model can be modified in order to take into 
account charge-independence of nuclear forces*?*: The 
nucleons are divided into two groups, a core comprised 
of the number of nucleons needed to form the maximum 
number of neutron and proton closed shells according 
to the harmonic oscillator model, and the remaining 
outer or valence nucleons, which are not sufficient in 
number to form a closed shell. The outer nucleons are 
assumed to move in a harmonic oscillator central 
potential due to the core, and to be subject to an 
interaction between pairs of nucleons at least resembling 
that between an isolated system of two nucleons, The 
possible states of the outer nucleons are determined by 
the Pauli principle, on the assumption that the states 
of the core nucleons are already filled. It is evident, 
however, that if the A nucleons are to be treated as 
identical particles, they cannot be separated into two 
groups. The double closed-shell core model therefore 
fails to take proper account of the total antisymmetry 
of the nuclear wave function. 


1. DESCRIPTION OF THE MODEL 


In order to escape this difficulty, let us consider a 
variation method for solving the total nuclear Hamil- 
tonian of an A-nucleon system under two-nucleon 


* Supported by the U. S. Atomic Energy Commission. 
1M. G. Mayer, Phys. Rev. 78, 16 (1950); Haxel, Jensen, and 
Suess, Z. Physik 128, 295 (1950). 
*M. H. L. Pryce, Proc. Roy. Soc. (London) A65, 773 (1952). 
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forces: 
h? 
H=-— 


A A 
vit D Vir). (1) 


m imi i<k 


Here ¥? is the Laplacian operating on the coordinates 
of the ith particle, m is the mass of the nucleon, and 
V (i,k) is a potential which may depend upon the spin 
and isotopic spin components, as well as the coordinates, 
of particles i and k. Although we would expect V (i,k) to 
have a central and a tensor term, calculations will here 
only be made for central forces. The addition of a 
potential acting upon a single particle, in the form of 


A 
> Wi), (2) 


would not alter the main features of this formulation. 
In order to solve the equation 


HV= EW, (3) 


let us assume that W is a linear combination of g other 
functions, ¥,: 


¢g 


-,de)™ >. Gee. 


a~| 


¥ (a, oe (4) 
WV and the y, are normalized. (When used in the plural 
sense, ¥, OF a, will refer to the set of all ¥, or de, with 
a=1 to qg.) Further, let us choose the phases so that all 
aq are real. In order to minimize the inner product 


(¥,AV)= E(a, «++, a4) (5) 
and still maintain the normalization of ¥, let us intro- 
duce another parameter, A, in accordance with the 
method of Lagragian multipliers. The condition for a 


stationary point is then: 


0 


a] @ 
(¥, (H—d)¥)= (W)-r¥ a,*]=0 
é 


0a, da yo 


a=1,-- (6) 


“, g: 


It is convenient to use script letters for the elements of 
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the matrix |H: 
KRas= Hi as= (Wa,HWs). (7) 


Since H is Hermitean, Eq. (6) leads to 


¢ 
dX (ap—Nas)ag=0, a=1, ---, 9. (8) 
p= 
The solution to this system of g homogeneous equations 
in g unknowns is obtained by setting the determinant 


|Hap—Noap| 


equal to 0. The lowest \ then equals the minimum of 
the energy (5). 

How should the set of trial functions be selected? 
The qualitative success of the shell model suggests 
solutions of a Schrédinger equation, 


A'ba=EWa, (9) 
for A identical particles, each of which moves in the 
same central field. Then 


A h? 
H'=> | - 


=i 2m 


veri") (10) 


Since the ¥, are merely trial functions, it is not neces- 
sary to say anything about the origin of this central 
field. Equation (9) is separable into a sum of single- 
particle equations, each of which in turn can be sepa- 
rated into radial and angular parts, since V’ is a central 
potential. We assume that y¥, is an antisymmetrized 
A-particle wave function. V (i,k) must be invariant 
under rotations in ordinary space, and will be assumed 
to be invariant under rotations in isotopic spin space. 
W then has definite isotopic and ordinary spin, (7,/), 
and the same may be assumed for the ¥.. It should be 
noted that for a complete set of antisymmetric ya, 
diagonalization of the matrix |H)) (with g= «), would 
lead to an exact expansion of ¥. The variation process 
merely leads to the best approximation in terms of a 
set of ¢ definite ¥.. The kinetic energy part, K, of a 
matrix element of 3% equals that for K’, the corre- 
sponding matrix for (10): 


oA 
Kas=— LW a, F Ah) = Kas’. (11) 
2m im 
The potential energy part of a matrix element is 
A 
Vas= LD Wa, V (i,k Ws). (12) 


1<’=2 


This is by no means the same for and X’. It can be 
separated into a sum of three terms: (a) Terms involving 
only states belonging to closed shells; (b) terms between 
an outer state (of an unfilled shell) and all closed 
shells; (c) terms between outer states only. The phrase 
“interaction between sfales” instead of nucleons is used 
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here, since it is not possible to associate a nucleon with 
a definite state. 


2. ASSUMPTIONS FOR V(i,j) AND V’(r,) 


In the next section, some calculations for the oxygen 
region will be made. A central Gaussian two-nucleon 
interaction which leads to the binding energy of the 
deuteron and to the effective range and scattering 
length for low-energy neutron-proton scattering in the 
triplet state will be assumed : 


V x (i,j) = Vx(ri3)= —VoPx exp(—ri7/2.245). (13) 


Here Pw=1, Py=space-exchange operator, Pg=spin- 
exchange operator, and Py=PyPs,. The internucleon 
coordinate r;; and all other radial coordinates and 
radii are in units of 10- cm. The depth Vo>=70.8 Mev 
leads to the deuteron binding energy and will be used 
here. 

For V’(r;) we shall assume a harmonic oscillator 
potential, 


V' (14) = (hor;)?/2m, (14) 


with v determined from 
f Rui(r;)*r2dr;= (2n+-1—4)v "= Ra(nl)?. (15) 
0 


Here R,,(r,)/r; is the radial wave function of particle i 
moving in potential (14), and m denotes the number of 
nodes of R,, and / the orbital angular momentum. 
R(nl) is a quantity about equal to the nuclear radius. 
We shall make calculations with several values », of v 
which are given, together with ®,, in the following 
table: 





a 0 1 2 3 
Va 0.250 0.356 0.462 0.568 X 10% cm 
Ra (1d) 3.74 3.14 2.76 2.48 X<10-" cm 
Ra (1p) 3.16 2.65 2.33 2.10 xX 10-" cm 
In Fig. 1, 


Pra(ts) =Railri? (16) 


is plotted against 7, for nl=1d and 2s, and parameter 
v;. Here P,:(r;)ér; is the probability that a particle of 
type nl be found at some point of an interval 6r; with 
r, at its center. For reference, the quantity 1.417! 
= 3.60, the radius of O'’, is given on the abscissa. A 1d 
particle will be found at r;<3.60 about 76 percent of 
the time. This value of », or even a somewhat larger 
one, therefore seems a reasonable choice. The same 
potential, (14), will be used for all single-particle 
functions. However, the possibility of using different 
potentials for different shells has been pointed out.‘ 
The potentials (13) and (14) with » were used in 
reference 2. 

It may be worth while at this point to use the 
potential (14) and the harmonic oscillator wave func- 


‘ E. H. Kronheimer, Phys. Rev. 96, 1680 (1954). 











tions with parameter » to illustrate the present method. 
Let us consider a single particle with radial coordinate 
y moving in another harmonic oscillator potential, 
(hwr)?/2m. This potential will now be substituted for 
the one in (1) and the variation method with just the 
¥_ obtained from (10) with A=1 and the potential 
(14) will be applied. If all R,: are taken as the set of 
Wa, then the a, are given by the expansion (a now is 
just ms): 


W(r)= Ri, (r) = > a,R,,°”(r). 


n=l 


(17) 


The first three a, are: 
(=) (:) (=) 
“a” ; @a=(-) | — Ja; 
wty 2 wtp 
15\' sw—v\? 
a= (~) ( =) a. 
8 wty 


If we had happened to choose v equal to w, the series 
would have had exactly one term. For v=1.2w, a; 
=0.993, a2=—0.110, and a;=0.011. The larger w—yv 
is, the larger is the number of terms necessary to obtain 
a good approximation to ¥. In general, the most 
felicitous choice of v leads to a minimum of configuration 
interaction. In this example, it leads to minimal 
(namely 0) admixtures of the configurations (2s)', 
(3s)', etc., to the (1s)! configuration. 





3. CALCULATIONS ON THIS MODEL 


The matrix elements of K can be obtained by 
methods known from atomic spectroscopy. It is con- 
venient to calculate in an 


(19) 


nim sm lu: 


representation. Here, the state of each nucleon is 
specified by one set of quantum numbers (19). ¢ is 
isotopic spin and equals }; y; is its ¢ component. The 
matrix elements of the kinetic energy are readily 
calculated, since it is a single-particle operator. It is 
convenient to introduce some detailed notation for the 
terms of type (a) and (b) (see Sec. 1) of a diagonal 
matrix element of the potential energy, on the assump- 
tion of central two-nucleon forces. The interaction 
between one outer n’l’ state and all the states of the 


nl doubie closed shell will be denoted 
Ux(n'l’ nl), (20) 


where X indicates the type of exchange force, as in 
Eq. (13). The interaction of a double closed n/*'* shell 
with itself will be denoted 


Ux(nl**), (21) 


with boldface nl***, The quantities (20) and (21) are 
given in terms of radial integrals by formulas 9*(11) 
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Fic. 1. The probability per unit radial distance, P,:(r;), that 
an ni particle be found at r;, for ml = 1d and 2s. The well parameter 
is »;. The coordinate r; is given in 10™ cm. 


and 9°(12) of Condon and Shortley,’ with an obvious 
modification to take into account isotopic spin and 
exchange forces. The interaction (21) may be expressed 
in terms of (20) as follows: 


Ux (ml?) = 2(2/+-1)- Ux (nl,nl™*), (22) 


The radial integrals for the potentials of the preceding 
section will be calculated by the method of Talmi.® It 
is important to note that (20) is independent of my’, 
m,', and yw,’. The terms of type (c) can be obtained 
from an antisymmetric wave function of the outer 
nucleons only. [This is plain from reference 5, 7*(7). } 

For double closed 1s and 1p shells the following 
abbreviation is convenient : 


(c.s.) = 1st 1p. (23) 
Then one can write 
Ux(n'l’,c.s.)=Ux(n'l 1p®)+Ux(n'l’, 1s"). (24) 
The total interaction for (c.s.) is 
Ux(e.s.) = Ux (Ist) +Ux(1p")+40x(1s,1p"). (25) 


The Wave Function of O"” 


The a, in an expansion (4) for the wave function of 
a system of 17 nucleons with two-nucleon potential 


Vi,py=IVwli,f+V uli,f)] (26) 


will now be estimated, on the assumption of (14) with 
parameter »;. Let us set g=3 and denote by Wo, ¥:, and 
¥2 the wave functions for the configurations (c.s.)(1d)', 
(c.s.)(2d)', and (c.s.)(1p)-*(1d)*, respectively. We ob- 
tain the following 3X3 matrix for KX, with rows and 
columns labeled by a=0, 1, and 2: 


0 1 2 
Ol] Koo —5.0 (—7.3) | 
1} —5.0 Xoo+26.4 0 ; (27) 
2\| (—7.3) 0 (Hoo+31) | 








*E. U. Condon and G. H. Shortley, The Theory of Atomic 
com (Cambridge University Press, London, 1951), second 
tion 


‘I. Talmi, Helv. Phys. Acta 25, 185 (1952). 
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Taste I. In this table the following calculated quantities are 
given in Mev for two values of the well parameter vy: (1) The 
interaction Ux between one ni state and all the states of the 
double closed 1s and 1p shells. Uy is given by Eq. (30). (2) The 
kinetic energy K,(nl) for the nl state. (3) The calculated binding 
energy &; (ni; x) of one neutron in O", defined by Eq. (31 


Calculated quant , 
Uwiidcs 36.2 59.5 
Va lid.cs 11.2 11.6 
Valldcs 10.0 19.1 
Uw(2s.c.s 45.2 73.0 
Vm (25, 7.2 42 
Val2scs 15.2 27.5 
Ky, (1d) = K,(2 18.0 25.6 
(1d; 0.5 5.7 10.0 
B, (25; 0.5 82 13.0 
¥,(1d; 04 3.2 5.2 
¥,(2s;04 44 6.1 


The elements are in Mev; those not enclosed in pa- 
rentheses have been calculated directly. The cross term 


Ko. was estimated as 


L=0 
—7.3 Mev, (28) 


Kor=Ko~(1p’, L=0| V(1,2) | 1d’, 


since Wo and y differ by two single-particle states. An 

calculation, in fractional parentage 
coefficients, would lead to a sum of several terms like 
28) with different L, and probably to a smaller magni- 
tude of Ho. There is no kinetic energy contribution, 


because the angular parts of the single-particle wave 


exact terms of 


functions are orthogonal. 
The difference in potential energy between 322 and 
The 


interaction between two 1d states and (c.s.). This is a 


Koo Was estimated as a sum of these terms: (1 


lower limit to the actual contribution, since only 14, 
instead of 16 particles remain in 1p and Is states. (2) 
The energy of the configuration (1d)* estimated as that 
for the lowest state of (Id; *. (3) The difference in 
total potential energy between configurations (1p)"° in 
the L=0 which is lowest, and (1p). (4) The 
interaction between two 1p states and (1s)* must be 
the interaction between two 


State 


subtracted. In its place, 
1d states and (1s)* is included in term (1 
From the matrix (27) and perturbation theory, 


a,~—0.19, a’?=0.036, 29 


and ay 0.24. It should be recalled, however, that 
the estimates of Ho: and Ky are expected to be larger 
and smaller, respectively, than their actual values. An 
accurate calculation, therefore, is expected to lead to 
a smaller absolute value of a2. A more accurate wave 
function would be obtained by taking a larger set of Wa. 
These would involve further breaking up of (c.s.) or 
nd states with n> 2 
considerably higher than those of wo and y. Further- 
more, the off-diagonal terms X», involving them will 
Their amplitudes a, 


The energies of these states will be 


generally be smaller than XK 
will therefore be smaller than a, 


REDLICH 


The Neutron Binding Energy of O"’ 


Wo alone will be used for this calculation, and a 
similar wave function, for the configuration (c.s.), for 
O"*, The difference in potential energy between the two 
nuclei is merely one term of type (b), given by (24). 
The results are presented in Table I for three types of 
forces; for the fourth, they can be obtained from 


Vn (nl,c.s.)= —Vg(nl,c.s.). (30) 


Two parameters, vp and »,, were used. K,(nl) is the 
kinetic energy of a single nl state. The neutron binding 
energy is defined as 


By (nl; x)= —xUw(nil,c.s.) 


— (1—x)Vy(ni,c.s.)—K, (nl). (31) 


It is also given in Table I, and found to be generally 
of the order of magnitude of the experimental’ value of 
4.14 Mev, for x=0.4 to 0.5. We cannot expect accurate 
agreement with experiment for two reasons: (1) @; is 
the difference between two large quantities, neither of 
which can be expected to be very accurate in this 
approximation. (2) The present model does not account 
for the difference between the 5/2+ and 3/2+ states 
of O'. We recall that the quantity Ux(ld,c.s.) is 
independent of the orientation of the spin and angular 
momentum of the 1d particle. The model does yield a 
difference between @,(1d; x) and @;(2s; x). 


The Binding Energy of O° 


We again assume the pure configuration (c.s.) for 
O'*®. The admixtures of higher configurations can be 
expected to be no larger than the ones found for O'. 
The total potential energy, 


Ux=Vx(C.S.), (32) 
then consists just of type (a) terms. It is given in 
Table II for various values of v. The total kinetic 
energy XK is also given. The Coulomb energy can be 
calculated from the usual formula as C= 14 Mev. The 
total binding energy is defined as 


B(x) = —xDw— (1—2)0y— K-C, (33 


and given in Table II for x=0.5 and 0.1. The experi- 
mental! value’ is 127.6=7.98X 16 Mev. 

The table reflects a very large increase of —Uw 
with y, i.e., with decreasing radius. This is a well-known 
effect. There is an increase of —Uy with yv also, but it 
is less rapid than that of &, which is proportional to ». 
The quantity —Ugz increases with v at a rate which lies 
between that of —Uwp and X. 

In making this calculation for the configuration 
(c.s.) alone, we have, in effect, already applied the 
present variation method in an approximate way, since 
it was plain for parameter »;, at least, that the minimum 
me F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955) 
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energy will appear for a wave function with only small 
admixtures of wave functions of other configurations. 
In Table II, the effect of these small admixtures upon 
the binding energy has been neglected, not only for », 
but for the other values of » as well. Actually, the 
example at the end of Sec. 2 showed that a change in » 
corresponds to a change in the amplitudes of the various 
states. If, however, these changes are not substantial, 
which seems likely, then we are justified in considering, 
as an approximation, only the configuration (c.s.). If 
the model is correct, we would then expect to obtain a 
minimum in the energy of the system for a value of » 
about equal to »,, which corresponds to the radius of 
O'* deduced from experiment. Furthermore, the magni- 
tude of the energy at this minimum should equal the 
experimental binding energy. An examination of Table 
II indicates that for a combination of ordinary (W) 
and space-exchange (M) forces, a minimum does appear 
at v, for —@(0.1). The magnitude of @(0.1), however, 
is too small by about a factor of 2. For an intermediate 
value of x, like 0.2, @(x) will have a maximum value 
equal to the experimental binding energy; but this 
appears at about v;, which leads to far too small a 
radius. The binding energy of one neutron in O" would 
be negative with such a low x, even at v;. Furthermore 
agreement between theory and some experimental 
quantities for A= 18 and 19 can be obtained* with », 
but not with v3. It does not appear that spin-exchange 
(B) or space-and-spin-exchange (H) forces could im- 
prove this situation substantially. Thus we see that 
while the present model with central V (7,7) can account 
for the binding energy of a neutron in O", it cannot 
account for the total binding energy of O'*, nor, 
consequently, for the total binding energy of O'’. 


4. COMPARISON OF THE VARIATION METHOD WITH 
WITH THE DOUBLE CLOSED SHELL 
CORE MODEL 


(1) The present formulation will be compared with 
a model which assumes that B identical outer nucleons 
move in the field of a double closed shell core. To be 
specific, let us consider a nucleus with 


A=16+B 
particles, and a (c.s.) core. We compare the expansion 


of W given by (4) with 


P 
, bp)= ase Pa’; (4’) 


a’=l 


(dy, oe 


where the ¢q are antisymmetric wave functions for B 
particles, whose states in V’'(r,) are neither 1s nor 1p. 
To each ¢q there corresponds a Wa, which is anti- 
symmetric in A particles and includes the 16 states of 
(c.s.). The converse is not true, since among the y, 
there may be some for configurations which do not 
include (c.s.). The considerations of the preceding 


*M. G. Redlich, following paper [Phys. Rev. 99, 1427 (1955) ] 
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Taste II. The following quantities have been calculated for 
a system of 16 identical particles occupying all the states of the 
1s and 1p double closed shells: (1) The total potential energy, 
Ux, for four types of interaction. (2) The total kinetic energy KR. 
(3) The total binding energy (@®(x), defined by Eq. (33). Results 
are given here in Mev for several values of », defined in Sec. 2. 





Calculated 





Quantity »=re cal al " 
Uw —428 — 680 —939 -1201 
Ju — 236 —310 —300 ~ 396 
Us=—VUn —77 — 148 — 232 —322 
: 185 263 341 419 
(0.5) 133 218 204 366 
(0.1) 56 70 63 43 


section for the wave function of O'’, however, indicate 
that the amplitudes of such ¥q are small. If we neglect 
them, and consider 


> 
W'= PF aaa; 


a= 


(4”") 


where the sum extends only over those wa whose 
configurations include (c.s.), then a correspondence 
between ¥’ and # may be established. 

Let us consider first two Hamiltonians, H, defined 
by (1), and 


Wea A 
Ga ~ ¥ v2+ } Vii). (1’) 
2m t—]7 i>k=17 
Their matrices are 3, given by (7), and G given by 
Garp = Gl arp = (ea',Gepr). (7’) 


We shall assume in the following argument that the 
outer particles are only in 1d and 2s states. In general, 
higher states [for potential (14), states of higher 
harmonic oscillator shells] will be present, but with 
much smaller a4. It appears, however, that coefficients 
of states of several configurations of type 


(1d)*(2s)9-*, (34) 


are sometimes large.*:** States may be described as 
follows: 


a= (c.s.)(1d)"™ (2s)? "OK, T, J; (35) 


a’ = (c.s.)~ a. 


K stands for all other quantities necessary to describe 
the state, e.g., intermediate angular momenta 
It is plain that 


Kaa= Ga'a’ t El(c.s.) +k: E(1d)+ (B—k)-E(2s), (36) 
where E(c.s.) is the total energy of (c.s.) and 
E(nl) = K,(nl)+V(nil,c.s.). (37) 


stands for any combination of the Uy. In actually 
making calculations it is desirable to introduce 


C(2s,1d) = E(2s)— E(1d). (38) 


* J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. (London) 
, 536 (1955 
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C is a theoretical quantity, which can be obtained from 
Table I of the last section. [If a simple spin-orbit 
operator of type 


A 
—2.03 = 1-8; Mev (39) 


t—l7 


is also introduced,* then it is possible to account by 
(38) with an empirical C= —1.15 Mev and (39) for 
the energy differences between the three lowest states 
with positive parity of O'7.] 

A calculation similar to that for Ux(n'l’,nl****) shows 
that for central forces an interconfiguration matrix 
element of type (b) vanishes, unless the two configur- 
ations differ only in the radial quantum number n 
of one single-particle state. If, further, states of 
the same configuration which differ only in K are 
orthogonal, then the total type (6) matrix element 
between them is also 0, as may be seen from expansions 
of the y. in fractional parentage coefficients. It follows 
for states of the configurations (34) that 


Kap= Gas’, at B. (40) 


Diagonal elements of 3 and G thus differ only by 


E(c.s.)+B-E(1d), (41) 


which is constant for all of them, and 


[B—k(a)]-C(2s,1d), (42) 


which is not. The off-diagonal elements are the same. 
It is plain that solution of the secular equation of a 
new matrix whose elements are 


Cag’ = Gare t+ [B—R(a)]-C(2s,1d)-bag (43) 
leads to a ® with amplitudes 5, equal to the correspond- 
ing ones of ¥’. That is, 


be’ = Ge. 


It must be emphasized that this equivalence is essen- 
tially a formal one, brought about by the theoretical 
possibility for inclusion of the differences in type (6) 
terms in a simple way. 

The physical difference between the two models is 
very obvious. The double closed shell core formulation 
does not automatically ensure that there will be no 
overlapping of the space wave functions of outer and 
inner (core) nucleons which have the same spin and 
isotopic spin components. For harmonic oscillator 
wave functions such overlapping is not small. This is 
evident from an examination of the direct and exchange 
contributions to Ux(ld,c.s.). These follow, for pa- 
rameter »;: 

Total 


—59.5 Mev 
—11.6 Mev 


Direct term Exchange term 


—66.5 7.0 
—28.2 16.6 





Up(idcs) 
Vay (ld,c.s.) 
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The exchange terms are seen to contribute — 11.8 Mev 
to the binding energy of one neutron, ®;(1d; 0.5), in 
O'7, In other words, the double closed shell core formu- 
lation is exact only if an impenetrable wall encloses 
the core. 

(2) The operators for most observable quantities can 
be expressed as nonscalar single-particle irreducible 
tensor operators 7“*® of order & in ordinary and « in 
isotopic spin space, or as sums of such operators. It 
can be shown that matrix elements of such operators 
are the same for ¥’ and ®. Let us define 


N 
Tw) =L T° (i), 


vl 


(44) 


where 7‘** (i) operates on the space, spin, and isotopic 
spin co-ordinates of particle i. At least one of & and « 
is #0. It is convenient to consider again the repre- 
sentation 


a@=4),°-*,@4 with a=lmysomidtun. (45) 


Also 
(c.s.)= 4, lhe and a’ = 4}, ee (46) 


*, 26 *, G4. 


The diagonal matrix element of 7,4) is just 


A 
{a| T¢4)|a)= L{a,| T*° | a,), 


(47) 


from 6°(9) of Condon and Shortley.* Then 


(a| TA) la)= (c.s. | Tus) | c.8.)+(a’ | Tw) la’). (48) 


Equation (47) shows that the first term of (48) is 
exactly the diagonal matrix element for the one state 
of (c.s.). That state belongs to representations of order 
0 in both ordinary and isotopic spin space. The same 
is not true of Ts), so that its matrix element is 0 by 
the vector addition rule. The second term of (48) is 
the diagonal matrix element for &. Only the second 
term of (48) appears in off-diagonal matrix elements; 
thus the entire matrix of T,4) equals that of 7,s). 

Formula (47) reminds us that center of mass effects 
are not accounted for in the variation formulation. 
(47) leads to zero quadrupole moment for O" if Wo of 
Sec. 3 is assumed, contrary to experiment. If the double 
closed shell core model is used, on the other hand, O”” 
consists of a core and one outer nucleon, and it is easy 
to calculate the effect of the core upon the quadrupole 
moment. 

Calculations using V (i,j) and V’(r,) of Sec. 2 for the 
double closed shell core model modified by the terms 
(39) and (42) have been made in reference 3 for B=2 
and in the following paper for B=3. 


I am grateful to Professor Eugene P. Wigner for 
his advice and interest. 
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Calculations for the nuclei with mass 19 were based on a shell model with harmonic oscillator wave 


functions, central Gaussian interactions between the three outer nucleons, and a single-particle operator 
which leads to the energy differences between 1d4, 2s}, and 1d, levels observed in O', Energy matrices for 
all configurations of the 1d, 2s shell were calculated. Wave functions of four nuclear states were obtained. 
They lead to the observed ft value for the allowed unfavored O" 8~ transition, as well as for the favored Ne® 
8* transition. Energy differences between 5/2+ and $+ states of F” and ground states of O” and F¥ are 
correctly given. Disagreement with the measured energy of the $+- state of O” and the magnetic moment of 


F*, however, indicates that at least modifications of this model are necessary to obtain general agreement. 





1, INTRODUCTION 


N the preceding paper,' which will be referred to as I, 

a variation method for obtaining nuclear wave 
functions was described. The notation of I and the 
assumptions for V (i,j) and V’(r,) introduced there will 
be used in this paper. Results* for mass numbers A = 17 
and 18 will be reviewed, and methods of calculation for 
A=19 as well as their numerical results will be pre- 
sented. The set of ¥. for each (7,J) will be taken to 
consist of the wave functions for all states of the con- 
figurations 


(1s)*(1p)"(1d)*(2s)4-1¢-* (1a) 


with all possible &. Neither configurations with higher 
states of the harmonic oscillator potential V’(r,), nor 
those without completely closed 1s and 19 shells will be 
included. The considerations of I for the wave function 
of O" lead us to expect that admixtures of these higher 
states are small. The present assumption for the set of 
Wa evidently permits only the description of states of 
positive parity. 
In the light of Sec. 4 of I, we may substitute the con- 
figurations 
(1d)*(2s)4 -16—k (1b) 


for an (A—16)-particle system for (la), provided that 
terms in C(2s,1d), which accounts for the variation with 
nl of the interaction between an nl state and the double 
closed shells, are added to the diagonal elements of the 
energy matrix. A single-particle operator which can be 
written 


A(i)= —0.302(8.75— j7)?+2.525(8.75—j?) Mev, (2) 


is introduced in order to account empirically both for 
C(2s,1d), which follows from the model of I, and for the 
splitting between §+ and 5/2+ levels of O', which 
does not. A(i) is analogous to A(j,) of reference 2; it 


* A preliminary report of this work has appeared in Phys. Rev. 
98, 199 (1955). 

t This investigation was started at Palmer Physical Laboratory, 
Princeton University. It was supported by the U. S. Atomic 
Energy Commission 


1M. G. Redlich, preceding paper [Phys. Rev. 99, 1421 (1955)]. 
2M. G. Redlich, Phys. Rev. 


, 448 (1954). 
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equals 0 for j;= 5/2, 0.875 Mev for j;= 4, and 5.08 Mev 
for j;=}. It is diagonal in any j-7 coupling representa- 
tion. While the calculations which follow will be made 
in such a representation, their results will show that 
neither j-j nor L-S coupling is accurate in this mass 
region. We shall henceforth speak of one-, two-, and 
three-particle configurations, in the sense of (1b). 


The Parameters of the Calculation 


The Gaussian internucleon potential, V x (i,j) of I (13), 
which accounts for all the properties of the neutron- 
proton system in the triplet state at low energies except 
for the deuteron’s quadrupole moment, will be used 
here. The depth of this potential is Vo= 70.8 Mev. The 
harmonic oscillator potential V’(r,) of I (14) with 
parameter vo was used in the calculations for A=18 
and will be used for A= 19. From Fig. 1 of I, however, it 
seems that a parameter as large as », corresponding 
to a smaller expectation value of r7, would be more 
suitable. 

The numerical calculations of the present paper were 
made for two values of the depth of the two-nucleon 
interaction. It turns out that an arbitrary increase in 
the depth to about cVo, with c=1.46, leads to much 
better agreement with experiment for A= 19 than does 
Vo. It can readily be seen that a happy correspondence 
exists between this change in depth and a change in ». 
The matrix elements of V x(i,7) are linear combinations 


Tas_e I. Some diagonal matrix elements, 
(@,TJ\4(Vn+Viuc)\@,T J), 


in Mev, X(—1), evaluated for two sets of parameters. Vw and 
Vy are defined by Eq. (13) of paper L. 











, a n 
Config. a* TJ Depth cVe Ve 
(1dy)? 1,0 5.43 4.97 
1,2 1.59 1.62 
14 0.83 0.36 
0,1 3.06 2.86 
0,3 2.15 2.19 
0,5 4.16 431 
(2s, y 1,9 or 0,1 4.68 40 
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of certain radial integrals, which vary roughly as v!. 
Consequently an increase in depth corresponds ap- 
proximately to an increase in v. This is seen in Table I, 
where diagonal matrix elements for the configurations 
(ids)? and (2s;)? are given for parameters (v», cV9) and 
(v;,] Similar results are to be expected for other 
configurations and also for interconfiguration matrix 
since the changes in all radial integrals 
save one range from —10 to +13% in going from 


elements 


MARTIN G. 


REDLICH 


(vo, cVo) to (1,Vo). The exception, F,(1d,1d) in the 
customary notation, changes by — 30%. Its coefficients 
are, however, generally small, and its effect may be 
gauged from Table I, since it appears in all (1d;)* 
matrix elements. The numerical calculations throughout 
the text and in all except three of the tables in the fol- 
lowing sections will refer to the parameters (v9, cVo). 
In Tables III, XI, and XIII, results of calculations for 
both (vo,Vo) and (vo, cV») will be presented. 


2. THREE-PARTICLE WAVE FUNCTIONS 


Wave functions for states of a configuration C= 


j:jejs of three particles, each with isotopic spin ‘=}, can 


readily be obtained. Let us consider the complete set of wave functions of j;j2, antisymmetric in coordinates, 


spins, and isotopic spins of particles 1 and 2, with total isotopic spin and angular momentum 


[7’,J’]. There 


exists a state of j:j2j1 with (7,/) which corresponds to the following vector additions: 


T’+t=T: 


V+j=) 


By use of the vector addition coefficients one can readily obtain a wave function ¥(1,2; 3) which has these 


and [ 7”, y’ 


$(a),= NU W¥(1,2; 3)- 


WwW here \ 


|, and is antisymmetric in 1 and 2. A completely antisymmetric wave function is then 
¥(1,3; 2)—y(3,2; 1) ], 


is a normalization factor. The subscript a on ® stands for antisymmetric. The state is described by 


is(7’J’], (TJ), TJ. 


The two-particle state determined by j;j2 


[7’,J’] will } 


> called the parent of the three-particle state. 


Fractional Parentage Coefficients 


is defined by 


The fractional parentage coefficient 
(a), oy 


Ee ACT’ ejs 


The symbol C, stands for ¢ 
symmetric state [ 7” J’) 
¢ is a ira 


and (5 


expansions (4 


B= 1,03, 
Then we 


can write 


where 8,(h 


(8), can be expanded in terms of cofactors B 


he first expansion corresponds to (4 


functions for all a isa complete set for the configuration 


comparing the total number of linearly independent wave functions corresponding to all [ 7,7’ 


additions (3) with that obtained by the 


Calculations in the represen 


¥(1,2; 3) = of (irja,7 


*G. Racah, Phys. Rev. 62, 438 (1942 


with 7” J” added to tand j;,, 


wit! 


, ‘ 
the second to (5 


‘7’ 


This is Racah’s paper IIT 


3). TT JI s\X (CuI; jeJTI',TJ). 


. The function ¢ describes the configuration C, of particles 1 and 2 in an anti- 
which describe particle 3, to give 77;JJ,. The factor of 
ional parentage coefficient. The summation over & runs only over distinct j,. The relation between 
can be seen most clearly in a representation given by 


5 


stands for the wave function of particle & specified by the quantum numbers §;. The determinant 


» In two ways: 


> Bas; 3) (3) 


It should be noted that the set of antisymmetric wave 
j; of identical particles. This can be demonstrated by 
] and the vector 


isual method of counting, made in the representation 8 
tation a will be described. If we assume that ¥’s and ¢’s are both normalized, then 


jx(3),TT JI 
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The connection between the other terms of (4) and (5) can be established by application of a formula which follows 
directly from (4) of reference 3: 


x(ibL’; LLL) = hls, LL" L) +x (lbs L” ; LLL,), (9a) 
rz 






Ww here 





ly ly L’ 
h(Islals, LLL) =[ (2L’ +1) (2L" +1) (— retiree | (9b) 
. LLL" 
=[(2L'+1)(2L"+1)]'(—)8*#"-* W (hh; L’L”). (9c) 











%b) is expressed in terms of the six- j-symbol‘ and (9c) in terms of the Racah coefficient.’ The quantity / can stand 
equally well for total angular momentum j or isotopic spin ¢. The subscripts serve not only to differentiate angular 
momenta, but also to indicate coordinates in x; i.e., :=1;(i) on both sides of (9a). The y of (4) can be expressed 
as a product of a space and spin function ¥,; and an isotopic spin function 2, each having the property (9a): 


¥(1,2;3)=Yar(jrjol’; ja Ie) Xva($ § 7’; 4 TT). (10) 









If j:= j2= 7A Js, then (4), (5), (9), and (10) lead to 
77'S’: js)T'S' TIHNa=S, (11a) 
bia,T I" 5 FATS", TI) = (2/3)h Gh fa, J'T" I) XA 4 4, TTT). (11b) 







The details of this calculation, for a specific example, may be found elsewhere.* 
If 7; also equals j, the normalization .V of (4) is changed, since the three y’s are, in general, no longer orthogonal. 
The fractional parentage coefficient becomes 


2,079": ITI TIN =N TEI I+ DAG iF,” DX AG YA, TTT), (12) 









js 









where .V’ is obtained from 





EL MRI"; FVII) \*=1. (13) 


rg 






The wave functions of 7 for the same (7,J), specified by different [7’,J’] are not necessarily orthogonal. ™ 
particular, for j7=5/2, we shall be concerned with two states of (1d,)’ with (1/2, 5/2). The two wave functiois 
with this (7,/) whose parents are [0,1] and [1,0] form a complete set, but are not orthogonal. We shall choose 
instead the wave function determined by [1,0] and that other one which is orthogonal to it (7; and J, will 







sometimes be left off from now on): 






(di? [1,0] 









- 


(dy? 1 ; 1/2, 5/2)a= —8-4{134 &(dp [0,1]; 1/2, 5/2)a+5# (dy? [1,0]; 1/2, 5/2)o}. 





The fractional parentage coefficients for (1d,)* have also been calculated by another method.® 





If all three 7; are different, 


jijo7' J’; js}T’J',TJ)= 3 3 












is j,T I": jyRTI',T I) =3AM js jaja,J’I" IX AG ATT"), (15b) 


(jrja,T I" 5 jaT’I' “TI =F —) OF 4 hh fap ja IIT) XW 4 4,7'T"T). 









Formulas for L-S coupled wave functions can, of course, be obtained in an entirely analogous way with (9). 


The parent state is then described by 





Lie [ (2T’ +1) (28’+1 L’") 






All matrix elements needed in the present paper can easily be calculated with the fractional parentage coeffi- 





cients. The matrix element of an operator 





3 
F®=> f(i), (16) 
Td | 





‘ E. P. Wigner, “On the Matrices which Reduce the Kronecker Products of Representations of Simply Reducible Groups,” circa 1942 
unpublished 
°M. G. Redlich, Princeton University dissertation, January, 1954 (unpublished 
* A. R. Edmonds and B. H. Flowers, Proc, Roy. Soc. (London) A214, 515 (1952) 
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where {(i) operates only on particle ¢ is’ 
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(C,T'I'TT ITA F® OTS IT JI)=3 5! CX (CuTI"; jeT'I',TI) 


k Ts" 


K(Cu,TI" jaTT II | $(3)|\Cu,T I" jab T JI.) -8(Cu, Cx) (Cx,T'I"; JT’ S',T I). (17) 


The star denotes a complex conjugate. The function 8 equals 1 if C; is the same configuration as C, and 0 otherwise. 


The matrix element of 


V®=V(1,2)+V(1,3)+V (2,3), 


(18) 


where V (i,j) is a scalar operator on particles i and 7 only, has also been given by Racah: 


(C,7'S',TILV®|C,T'S'.TI=3F' F (Cu,T"I"; jel’, TI)* 
kt T 


mye 


«(Cy,T’I" | V (1,2) | 04,77") -8( jeje)? (Cx, T'S"; fT S',TI). 


(19) 


This formula shows that matrix elements of V® can be obtained directly from those of V(1,2) for two-particle 
configurations by use of the fractional parentage coefficients. 


3. RESULTS FOR ONE- AND TWO-PARTICLE 
CONFIGURATIONS 


A=17. No interaction between outer states appears 
here. In Table II, experimental results are compared 
i) the model of I, and (ii) a model with two bodies, 
a core and an outer nucleon. In the second model center- 
of-mass effects are taken into account. The experi- 
mental magnetic moments in Tables II and XI are 
taken from a current table’; all other data in all tables 
as well as in the text of the present paper, are taken 
from a recent summary.* 

The magnetic moment, yu, of O' is given rather 
accurately by either model; this agreement is most 
remarkable. Model (ii) leads to roughly the correct 
value of the quadrupole moment, g, of O'’. The next 
line of Table II, however, contains a sharp disagreement 
with experiment. The theoretical value for the half-life 
of the E2 y transition from the 875-kev state to the 


with 


Tasie II. Comparison of theory with experiment for A=17 
Column (i) refers to the variation method of I, with one wave 
function for the configuration (1s)*(1p)"(1d)'. Column (ii) refers 
to a model for the system: Core+outer nucleon. E,(X'’) is the 
energy (in Mev) due to nuclear forces only of the lowest J+ 
state of X"’. The ft value for F'’(8*)O"’ is not included here, since 
it was used to determine the Gamow-Teller coupling constant 


Theory Theory (ii) Experiment 


— 1.8542 


—1.9130 — 1.8937 


+0.0001 


—0.005 
+0.002 


— 0.0020 «10-* cm? 


Ty(O" 4 1.7 x 107 sec 


+0.7 


Ey(F'?)— Fy (0” 0 —0.3* Mev 


+R.+De, —AEc(9). [For definit 


* This number = Kg* (F? 


(21) ff 


ions, see Eq 


7H. E. Walchli, Oak Ridge National Laboratory Report 1469, 
1953 (unpublished ) 

*F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955) 


ground state of O"’ is about 220 times the experimenta 


one. 

In the last line of the table there appears the con- 
tribution of nuclear forces to the energy difference 
between the (7,J)=(1/2,5/2) states with T;=—} 
and 4. The theoretical value is 0. The value in the 
column marked “Experiment” was obtained by using 
the following rough formula for the Coulomb energy Ec: 


3 Z2(Z-1)® Z(Z-1) 


Ec¢(Z)= 0.61 Mev. (20) 


x z 
5 14A!x10-" A} 


Coulomb energy differences are defined as 


AE¢(Z)=Ec(Z)— Ec(Z—1), (21) 


and therefore always positive. The details of the energy 
difference due to nuclear forces as deduced from experi- 
ment are given in footnote a of Table II. The notation, 
here and in Tables III and XI, is: Kg=maximum 
kinetic energy of the §-particles, R,=rest energy of 
the electron=0.511 Mev, and D,,=neutron-proton 
rest energy difference= 1.293 Mev. 

A calculation of the ratio R! of Gamow-Teller (G-T) 
to Fermi coupling constants in 8 decay can be based 
on the assumption that the G-T matrix element for the 
transition F'7(8+)O" is of pure single-particle type. 
Actually, we expect that there will be admixtures of 
wave functions of other configurations, with small am- 
plitudes a. Their effects upon the G-T matrix element, 
however, will be of order a,?, since there are no cross 
terms between (1s)*(1p)"(1d)' and any other con- 
figuration. In the formula 


ft=AlD, P+R¥,G-GH, (22) 


F and G are Fermi and G-T matrix elements, and the 
summation is over final states. The constants are 


A=65504150 sec, R=1.22+0.11. 


(23) 
A has been determined’ from a 0+ — 0+ transition, 


“aj B Gerhart, Phys. Rev. 95, 288 (1954). 
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R from the F"’ decay. These constants will be used in 
later calculations. 


A=18. Calculations had been made? for these nuclei 
with an interaction potential 


V (r12) = 30 Vw (riz) + Vae(ris) J, (24) 


with Vw and Vy the Gaussian potentials of I, Sec. 2. 
The reason for this mixture of ordinary and exchange 
forces will appear in the following section. Matrices of 


V (r12) +A(1)+A(2) (25) 


were diagonalized. The calculations have been repeated 
with cVo, and applied also to the recently investigated 
transition Ne'*(8+)F'*. The wave functions for cV» are 
similar to (8) and (9) of reference 2; however, the am- 
plitudes of the states with s, or d; particles are somewhat 
larger than for Vo, and those of (ds)? are slightly smaller. 
This is to be expected, since an increase in Vo to cV» 
has the same effect upon the wave functions as a 
decrease in A(i) to cA(i). 

The calculations are compared with experiment in 
Table III. There is definite disagreement for the con- 
tribution of nuclear forces to the difference in energy 
between the ground states of F'* and O'*. The theoretical 
value lies 2 Mev above the one deduced from experi- 
ment, as has recently been emphasized." The inaccuracy 
in the calculated Coulomb energy difference is unlikely 
to be more than 0.5 Mev, which is the discrepancy 
between theory and experiment for the T;=—1 and 
T;=1 components of the (1,0) charge multiplet. A 
third energy difference given in Table III is that 
between the lowest 2+ and 0+ states of O'*, It is not 
known whether the only excited state yet observed for 
O'8, which has energy 1.99 Mev, is 2+. The theoretical 
ft value for F'*(8*)O"* is too small. The possible error 
due to uncertainties in the constants (23) amounts to 
about 11 percent, and is not sufficient to increase the 
calculated value to within experimental uncertainty of 
the observed one. For the Ne!’ decay, on the other hand, 
there is agreement with the observed value, whose 
uncertainty is, however, extremely large. 

From charge independence we expect that the ground 
states of Ne'’ and 0'* differ only in 7;. The double-bar 
or reduced matrix elements (reference 2, Sec. VI) for 
the transitions Ne'*(8*)F"* and F'4(6+)O" are therefore 
equal. The theoretical ft value for the Ne’* transition, 
however, equals 4 that for the F"* transition (see 
Table III), since there are three final states for F'*, but 
only one for O"*. 


4. THREE-PARTICLE CONFIGURATIONS: RESULTS OF 
SOME CALCULATIONS 


Energies 
Let us write 
Vx™=Vxlry2)+V x (03) + V x (res), (26) 


J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. (London) 
, $36 (1955) 


ft value for F" 


ft value for Ne 
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Tas_e ITI. Comparison of theory with experiment for A= 18, 
The potential energy operator is 


§LV w (riz) + Var (riz) }+4(1)+A(2). 


Here Vw(riz) and Vae(riz) are the Gaussian potentials of I, Eq. 
(13); results are given for two depths, V»=70.8 Mev, and cV» 
= 103.4 Mev. The operator A(#) is defined by Eq. (2). In this 
table, E,(X"*) is the energy (in Mev) of the lowest state of X™ 
with J+, due to nuclear forces only 








Theory, 
with Ve 


Theory, 


Datum with Ve Experiment 


E,(F'*)— E,(0"*) 





1.02 0.73 —1,3* 


E,(Ne'*)— Eo(O"*) 0 0 —0.S% 


E;(O"*)— E,(0"*) 2.95 4.40 (1.99) 


4170 
+330 


+O 3110 2890 


800 
+340 


» Fs 1037 963 


*This number = Kg* (F™) +R.+Day — AEc(9). 
symbols, see Eq. (21) ff.) 
> This number = Kg’ (Ne'*) +Kg* (F™) +22. 4+2Da» ~— SEc(10) — AE (9) 


however, its 


{For definitions of 


* The only excited state of O'* yet known has this energy 
spin has not been determined. 


and 

A®=A(1)+A(2)+A(3). (27) 
We shall denote the expectation values of (26)+ (27) 
by 


(Vx®%+A); (28) 


they were calculated for all states of three-particle 
configurations with d; and s, particles for the four types 
of exchange forces. This is readily done with the frac- 
tional parentage coefficients (Sec. 2), the two-particle 
matrix elements (reference 2), and formula (19). The 
results are given in Table IV. The various configura- 
tions can be divided into three types: The ones with 
no d particles, which lie lowest, are of. Type 0; those 
with 1 or >2 particles in dy states are of Type 1 or 2, re- 
spectively. The operator 4® raises Type 1 configura- 
tions by 5 Mev and Type 2 configurations by 10 or 15 
Mev above the Type 0 ones; we may therefore expect 
that the Type 0 configurations alone will give a rough 
indication of the order of the lowest levels. 

We notice from Table IV first of all that 7 = 4 states 
lie generally above those with T7=4. This is the result 
of the greater space-symmetry permitted for lower 7. 
Since the interaction is attractive and has short range, 
states with a large number of space-symmetric couplings 
between pairs of nucleons will lie lowest. This situation 
is, of course, just the reverse of that in the atom, where 
the interelectron forces are repulsive, and the states of 
minimum space-symmetry lie lowest. It is also plain 
from the table that for ordinary (W) and space-exchange 
(M) forces, states with small J are the lowest (for either 
T=} or 4), while for spin-exchange (B) and space-and- 
spin-exchange (H) forces, the states with maximum spin 
are lowest. This is an indication that the total space- 
symmetry of a three-particle configuration is very 
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J& ~<s5 =. = = += largely determined by that of its parent two-particle 
= oO Ase wre; nas Oi ie ’ “; =” es ° . .— . 5 “— 
om Ae rs configuration. Specifically, the lowest state of (dy * for 
ih W and M forces has J=5/2; the state (d;)*[1,0], 
fag = < which is predominantly d*?'S, may be considered its 
ae ” = a va oF 
3 For parent. (This two-particle state evidently cannot be 
2 yu taken as parent of any state of (d;)* that does not have 
os “" = J=5/2.) We recall that of the states of (d,)* for W and 
3 5 M forces, the [1,0] state is by far the lowest.? The % 
“ a * ° ° ° Ty x eee ° _" ’ ° 
= = z % ASS situation for (d;)’s,;, with J=} for the lowest state, is 
? te oa 1 ~ ee entirely similar. For H and B forces, the lowest T=} 
sz . state has J=13/2 for (ds)? and J=11/2 for (dy)°s;. 
pe -_ es = t w ° . — Tr ~o = . ° 
gt” + Pal ii 8 SEAS SeAS eS Ihe parent of each of these is (d; 0,5 ], which is just ‘ 
,Sy . aoa 2 re ee ae ant d°*G, and this is the lowest state of (ds)? for B forces 
Eac and near the lowest for H forces 
~ mw OF oon Sie- : In Fig. 1, all states of the nuclei with A = 19 for which 
Tr 218 he +rS ASow-, jae : . ’ . : . . 
, sic cic CFM ANISH Ai there is experimental evidence of parity + are given. 
y We note that there are in fact two low states of F'® with 
= J=4 and 5/2. There is a state with J=} and negative 
> - parity just between them. If this state could be ac- 
=& counted for by the present method, it would require 
= & a = x 5 2S either a break ip of the ©'* double closed shell or 
we oo -*. N SNc moving one of the outer nucleons into the 1/ shell. 
=e x. Either process would be expected to lead to a state 
F- + ‘ . oe with much higher energy. On the basis of these offhand 
ree MrEror FeeteRes-522 ' ee ; 
A Bg 32d-bep~ ot et tar considerations, it is not clear how the present model 
> 2 ~ Be = , = eoaaom -— ome whe ~-—> , . : ; - z 
Ss: TI * could account for such a low }— state. At all events, in 
a> the present calculations all outer nucleons are in the 
= = fee i123 3 ira OS + 1d, 2s shell, and only states with parity + can be 
7 S|? o« ee nS accounted for 
ae It is apparent, then, that on this model the dominant 
"=9 role in accounting for the observed low lying parity + 
= Z 2 = evels of F"’ is played by W and M forces. The potentials 
ees = Vp," and Vy," lead to low states with very high, spins 

= ? 7 oe If these potentials are multiplied by —1, then Table IV 

mins S > ai a déu shows that the 7=3 states lie far below those with 
T= a . ¢ 1 
ren3-45 : ‘ T=}, contrary to experiment. It is for that reason that 
‘a. - 2 > —ZSO-DSHORSSEE . ‘ . 

a riod MEAOSLNAZESR the equal mixture of W and M potentials denoted 
© esi ~ tC NMMASSONMOmR ; . ‘ _ 
~+-- = 3 V(r,;) and given in (24) was chosen for these calcula- 
re: is - = tions. V™ is defined by (26), with the subscript X 

-= x ~ x —A T x © —- - . : ir al , ‘ 

a, = 21 a ~ ben bes BS left off. Expectation values of V°’+A are given in 
. . 2 Sic ac oeu iN ai - et 7 . ' 
awa” = lable V, together with the lowest characteristic values . 
s 188 ~ of the matrices of states of all configurations in this 

zis + = shell, for some (7,J 

~ * ba < ‘ . . * 

a" ~ ; A remark about the pairing energies for 1d, and 2s, . 5 
—) an E . nes ‘ . » . 
tog = particles: The expectation value of the interaction 

- : ae 
52 7 7 <4 $ V(ri2) between two particles in a (1,0) state amounts 
r -_ > 4f ™ t > . P > - 4? . / > . 
eee + , to —4.69 Mev for (2s;)?; —5.43 Mev for (1d)*. Is it 

E | iflerees 2$S32R53S53 to be expected then that the addition of two 1dj 

~ TOorS ~ Or CO SOrA= - particles to, specifically, a one-particle configuration 
3&5. ide . ni;)', coupled to yield a three-particle state with J= J, 
aT - a owy Sinnoe r é : - he 
--o sin SS Sa~ A-KSSonm + will result in a lower energy than the similar addition 
- A =< > = oe > —~ xx? + ) ’ > , . 
oes = — - of two 2s, particles? Ii mlj,=1d;, the answer is yes: 
2 ts « From Table V, the expectation values of V® for the 
2. AANA AN NS ~ xn 4 N - x 

= +* o “lorwne so .— = = - lowest J=5/2 states are 
3332 ae . 
eome - — 11.70 Mev for d;(d; 

sec 
KF Sys ~N “N « z 7 

Sz ~ a —9.45 Mev for dy $j 
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The answer is no for nl;= 2s;. Now (V) is 
— 10.20 Mev for s;(d,)*, 
— 14.06 Mev for s;(s;)*, 


for the lowest J =} state of the first and the only state 
of the second configuration. (These states are higher in 
Table V because of the effect of A®.) The reason for 
the dependence of the pairing energy upon nl; follows: 
For s particles the dependence of the energy E(ns,") of 
the configuration (s,)" upon the number m of particles 
does not vary with the range of the forces. It is just 


E(ns,") = 4m(m—1)F°(ns,ns), (29) 


where F° is the usual Slater integral. Thus even in the 
present case, with forces much closer to the 0-range than 
to the »-range limit, the energy of (2s,)* is 3 times that 
of (2s,)*. For configurations involving other particles, 
a formula like (29) holds only at © range. At lower 
ranges, the energy varies much more slowly with m. 
The reversal in sign of the pairing energy is therefore 
not surprising. 


Wave Functions 


It was plain from Table V that for each of T=} 


and 4, the lowest two states have J=4 and 5/2. The 
matrices of 
M=V®+A% (30) 


were calculated for all configurations of the 1d, 2s shells 
and these four (7J) values. The submatrix of the 
Type 0 and 1 configurations was diagonalized by a 





=a 1 
: | a 
= 1.47 t* 
| 
6-4 | 
5 a 0” 6 . 
pation] A 
| 9S 
© 
4 > 
* 
Ne’ (4) | S $ 
a | ro S 
_ ey 
2R, | j v ” 
2 4 »/ /€ 
% 1.59 )+s © 
i. ) ies ey 
"g | ” 
14 | /y% 
“ty, | / x 
“A, O20; F+ 
o-) Set 
" i 
F =* 


Fic. 1, All states of the nuclei with mass 19 for which there is 
experimental evidence of parity +. A number of spins are uncer- 
tain and are enclosed in parentheses. R,= rest energy of the elec- 
tron. Kg= maximum kinetic energy of a 8 transition. The multi 
pole order of the 0.20 Mev y transition in F™ is E2 
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Tas_e V. Expectation values of 
V@+4%= ifVe® iM Vy®) +-A@, (*) 


for the states of the three-particle configurations of Type 0. The 
symbols are defined in the caption for Table IV. Whenever a 
state is not determined by (7,J) alone, the parent [7°,J’] or 
other specification is given in a footnote. Also given is E(T,/) 
for the two lowest states with each T. This quantity is the lowest 
characteristic value of the matrix of (*) for all states of all con 
figurations of the 1d, 2s shell, not just of the Type 0 configurations 
listed here. All quantities are in Mev, X (—1). 


(V@®+40) E(T,J) 





T J a)" d4)*sy (sy) *dy (s)* 
3/2 9/2 2.98 0.32 
7/2 3.76 
5/2 6.21 1.86 4.84 8.60 
3/2 4.1 3.76 
1/2 6.45 8.02 
1/2 3/2 7.48 
2 6.03 5.18 
9/2 7.54 7.27 
5.47 
wie 767° 3.544 4.84 
beg 5.18 3.76% 
6/9 5.95* 4894 6.17! ’ 
7 11.708 5.86 7.708 16.89 
“f 590 486 7.14 
3/4 4.90¢ 
5.61 5.42! 11.44 
1/2 9328 17.06 
*[0,5). > (1,4). *{1,2 0,3). * 1 (see Eq. 14). * (0,1). € (1,0) 


card-programmed electronic computer, and the charac- 
teristic vector for the lowest characteristic (i.e., energy) 
value was obtained. All states of Type 2 configurations 
were taken into account by further subdiagonalization 
and first-order perturbation theory. Subdiagonalization 
between two terms a and @ is generally necessary when 


M aa— Map| <|Mas!. (31) 


For (3,}), there is only one Type 0 configuration and 
Type 1 configurations are almost negligible. There is, 
however, a significant higher configuration, (d;)*s,, 
which is of Type 2. This configuration was included in 
the original submatrix. The contributions of Type 2 
configurations due to second-order perturbation theory 
are generally of the order of 0.01 in amplitude. This is 
small compared to the large first-order amplitudes, 
which are around 0.30. The second-order contribution 
entails a substantial change for the very small ampli- 
tudes; however, this has been neglected, since their 
effect upon matrix elements is generally also very small. 
The total energy is denoted £(7,J) and was given in 
Table V. We note that the (1/2, 5/2) state lies 0.17 Mev 
above that for (4,4). This is good agreement with the 
experimental difference of 0.20 Mev; differences in 
Coulomb energies, as well as uncertainties in the 
numerical calculation are considerably larger than 0.03 
Mev. This calculation was first made for Vo, and led 
to —0.08 instead of 0.17 Mev (see Table XI); we see 
that with increasing depth, that is, in effect, decreased 
nuclear radius, the J= 4 and 5/2 levels cross over. 
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total weights of all three types of configurations are 
given in Table VII. Type 0 configurations are by far 
= | predominant. None the less the admixtures of the 
5 higher configurations are very important ; without them 
i it would be impossible, for instance, to account for the 
| > high unfavored /t value of an allowed 8 transition from 
O" to F"® (see Sec. 5). 

It may seem surprising at first sight that admixtures 
: of Type 2 configurations are nearly as large as (for T= }) 
HE or even larger than (for T= %) those of Type 1 con- 


(1,0 
0.29 


gE2 | s|& 3 | It is plain from Table V that the combined effects of 

see | <| interactions among the Type 0 configurations, which 

ca? | | ins =e are listed there, and the Type 1 and 2 configurations, 

e z & | rife Se | rw, . * : ] 

222 | which are not, are very substantial. E(},4), for example, 

-s~ TI88 Ss 38 is 5.6 Mev below the lowest of the energies of individual 

5 s> | | jo" ce ee states. 

SS Ti. - Table VI contains the detailed wave functions. The f 
ave i} £] |2¢ edomin: “al . f (1.1). which c 4 * 
os | > eS predominant configurations of (3,3), which corresponds 

A <a 2 to the ground states of F® and Ne”, are (s;)* and 

re S53 S6 =s (d,)*s;. The main configuration of (3/2, 5/2), which is 

-- L |e 75}. g 

~ ] 2 pen Se theoretically the ground state of O', is (d,)’. The ‘ ‘ 
s | Tis se 33 ¢ | weights (quantum mechanical probabilities) of the 

rd ae individual Type 0 configurations, together with the 


tial energ 






54 )*dy 
0.08 
0.00 


The po 
ing to the characteristic values E(T'./) 
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0.09 
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0.07 


{0,1} 
~0.33 
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Tase .VIT. Weights (i.e., quantum mechanical probabilities) 
of the individual Type 0 configurations, and total weights of the 
different types of configurations, for the wave functions of Table 
VI. All entries are in percent. 
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figurations. The Type 2 configurations are around 5 

Mev above those of Type 1; however, the largest inter- 

‘ configuration matrix elements connect Type 0 and 
Type 2 configurations. Let us consider this first for the 
two-particle case. The interconfiguration matrix ele- ‘ 
ments between various j-j coupling configurations of 

| (1d) are given in Table VIII. By far the largest element 
connects (ds)? and (d,)? in the (1,0) state. This is easy 
to understand, since each of these states contains a ° 
large amount of (1d)*'S, and that state is by far the 

t |e _ lowest of (1d)*, since (1) it is space-symmetric and (2) 

ae l the two d particles are at or near coincidence more 

ae often in an § state than a D or G state. The largest 

admixture of d*4S appears in the (0,1) states of (d,)*, 

(d,)*, and dydj, so it is not surprising that two matrix 

t ie elements between these configurations are large. (In 

: the third case the *S and 'P contributions are of op- 

3 posite sign and the matrix element is small.) The other 

| interconfiguration elements, involving 2s particles, are 

generally much smaller because of less overlapping of 

A the radial wave functions. The one with largest mag- 

i nitude equals 1.81 Mev. In this framework, it is easy to 

picture the situation for three particles. For each (7,J) 


three 
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Tasie VI. Amplitudes of the wave functions of 


are defined in the captions of Tables IV 
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of Table VI, the state with largest amplitude of all 
Type 0 states except (s;)* is listed, together with its 
amplitude, in Table IX. Similar data are given for 
Type 2 configurations. The Type 2 state in each case 
has a (d;)*[1,0] parent; similarly, each Type 0 state 
has a (d)?[1,0] parent. From formula (19), the matrix 
element between them will equal that between (d;)* 
and (d,)*, which amounts to --4.44 Mev, multiplied 
by 3 times a product of fractional parentage coefficients, 
which altogether amounts to 1.08, 1, —0.82, and 1, for 
the states listed above. No other two-particle matrix 
element can enter, since the two configurations differ 
by two single-particle states. 


j-j vs LS Coupling 


The two-particle wave functions for (0,1) and (1,0) 
were obtained in reference 2 for parameter Vo. They 
and also those for (1,2) and (0,3) have been calculated 
for cVo. The wave functions for these four states of 
two-particle configurations, as well as for the four 
states of three-particle configurations in Table VI, 


Tase VIII. The interconfiguration matrix elements, 
(Ci,T,J | V(riz)|Cy,T), 


in Mev, for the various j-j coupling configurations C; and Cy of 
(1d)*. The potential V(r,2) is defined by Eq. (24). 





Cs (dy)? 





(dg)? dgdy 

, Se 7 dydy (dy)* (dy)* 
0 1 —3.14 2.35 0.74 
3 — 1.33 0.91 —1.22 

1 0 —4.44 +e. 
2 1.12 — 1.21 0.86 

4 67 eee oe 





were analyzed in order to determine whether j-j or 
L-S coupling is a better approximation. For the con- 
figuration Jl’ or Jil’, the weight of the dominant j-j 
coupling configuration, /Jy’ or /dy'l;-’", and the weight 
of the dominant L-S coupling state, °S*+L, are given 
in Table X. For two particles, the wave functions are 
easily transformed from one type of coupling to another, 
and there is exactly one state specified by /j’ and one 
by @S+OL. For three particles, there are in general 
several states in the specified groups. Their weights 
have been added, since we could have altered the re- 
maining specifications of the states in each group, for 
instance, by adding wave functions of several different 
[7’,J’], and obtained a single state state of Idj'l;.”’ 
or with @5+) whose weight is the sum of the weights 
of the individual states thus specified. For the three- 
particle configurations, the j-7 coupling wave functions 
of the present paper were used. Those for L-S coupling, 
however, were taken from the paper of Elliott and 
Flowers.” Their calculations are based on a Yukawa 
interaction and a Rosenfeld mixture of forces. None the 
less, the wave functions which they obtain appear to be 
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Taste IX. The states of Type 0 and Type 2 configurations 
except (s;)* with maximum amplitudes in the wave function for 
the lowest state with (7/), together with these amplitudes. The 
data are taken directly from Table VI. 











(TJ) Type 0 Amplitude Type 2 Amplitude 
(1/2,5/2) (C10) 060 (Palio) 0.29 
(1/2,1/2) (dP [10] 0.52 (dy? sy [1,0] 0.22 
(3/2,5/2) (dy) 0.82 (dy) 41,0] 0.30 

(dy? sy 0.95 (dy? sy 0.30 


(3/2, 1/2) 








very similar to those of the present paper. This is 
definitely true for two particles. For three particles the 
total weights of various configurations, which are, of 
course, independent of coupling, are usually about 
equal for their wave functions and the ones calculated 
here, as is seen in Table X. 


TaBLe X. Comparison of weights of the dominant states, 
specified in the third column, of the main configurations for 
several two- and three-particle wave functions. The weights are 
in percent. Wave functions for two different potentials, described 
in the footnote, were used. 











Tota 

‘ j-j coupling Weight weight 

Con- configura- t of con 

figura- tion or specified of ot figura- 

(TJ) tion ase state(s) state(s) tion Source* 

(1,0) Fd (dy? 75 9 4 a 
1S 74 10 &4 a 
(1,2) a (dy? SO 5 55 a 
ip 42 13 55 a 
ds dysy 42 3 45 a 
ib 38 7 45 a 
(3/2, 1/2) d's (dy) 54 90 9 99 a 
*§ 74 25 9 b 
(3/2, 5/2) i (dy) 68 12 80 a 
2p 63 27 90 b 
ds* dy(syP 19 tee 19 a 
b aa ee 
(0,1) tf (dy? 42 35 77 a 
ay 71 6 77 a 
(0,3) & (dy? 37 6 43 a 
*p 40 3 43 a 
ds 54 57 tee 57 a 
b 57 ee 57 a 
(1/2, 1/2) d's (dy? sy 40 16 56 a 
*§ 54 6 oO b 
@ (dy) 9 5 14 a 
2s 10 2 12 b 
(1/2, 5/2) d (dy 50 18 68 a 
°p 57 9 66 b 
ds* dy(sy? 19 1 20 a 
th 20 1 21 b 
d's (dy) sy 10 2 12 a 
*p 12 2 14 b 


* The sources are: 

a =The present investigation. The two-nucleon inter-action has Gaus- 
sian shape with depth <Vs and equal ordinary and space-exchange forces 
The potential energy is given by Eq. (25) for two-particle configurations, 
and by V%)+4®), defined in the caption of Table V, for three-particie 
configurations. Two-particle wave functions have not been given explicitly 
here, but the three-particle wave functions were taken from Table v 

6 =J.P. Elliott and B. H. Flowers, reference 10. The two-nucleon inter- 
action has Yukawa shape and a Rosenfeld mixture of forces. 
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The table indicates that, in general, neither j-7 nor 
L-S coupling is a good approximation. This is not sur- 
prising in view of the fact that the matrix elements of 
the interaction V®, which is diagonal in L-S coupling, 
are of about the same order of magnitude as those of 
the operator 4®, which is diagonal in 7-7 coupling. 
The present calculations may therefore be considered 
to be of “intermediate coupling” type. 

It is plain, however, that j-7 coupling is a better 
approximation than L-S coupling for the larger T 
values, here for 7= 4% and 1. Just the reverse is true for 
T=4 and 0. Again, this is easily understood in terms 
of the greater space-symmetry of the states with lower 
T, which has as its consequence larger expectation 
values of the two-nucleon interaction. For higher 
excited states, the matrix elements of V® decrease, 
while those of A® do not change. The j-7 coupling 
approximation therefore improves with increasing 
energy of excitation. 


5. THREE-PARTICLE CONFIGURATIONS: 
COMPARISON OF THEORY WITH 
EXPERIMENT 


Differences in Energy Between Various States 


In Table XI the values of several quantities which 
have been measured or deduced from experiment are 
compared with those calculated from theory for both 


TasL_e XI. Comparison of theory with experiment for A = 19 
I ) } 


The potential energy operator is 


iV~®+Vy®)}+00 

These symbols are defined in the caption of Table IV. Results of 
calculations are given for two depths of the Gaussian two-nucleon 
interaction, V» and cVo. The wave functions for V» were not 
given explicitly, but the ones for cV» were given in Table VI 
Here E,(X™) is the energy of the lowest state of Y" with spin J 
and parity +, due to nuclear forces only. 7j= half-life. «= mag 
netic moment 


ory, Theory, 
Datur ith with cVs 


Fy(F*)— Ey (F* 7 


Experiment* 
0.17 0.200 
+0.002 
Ey (Ne ad 


Ey(F* 0 —(0.1> 


Ey (O")— Ey (F* 8.47 77° 


0.59 1.47 


+0.02 


E,(O")— Ey(O” 


1700 


ft value for 
. +170 


Ne® — FY 


129 000 373 000 335 000 


+ 100 000 


ft value for 
OO” — F¥(5/24 
2.94 2.94 


2.628 


u(F*, $+) 


Ty (F*, 5/2+ 1.01077 


+0.2 


2.7x1077 2.7107 





*] am indebted to Dr. D. H. Wilkinson for communicating to me a 
number of these results prior to publication 


* This number «= K g* (Ne”) +2, +Day — AEc (10 These symbols were 
defined by Eq. (21) &.) 


* This number =Kg-(O*) + (200-kev y-energy) +R. — Dap +4Ec(9). 
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Vo and cV». The energy differences between various 
states due to nuclear forces only are readily obtained 
from the quantities E(7,J) of Table V. The energy dif- 
ference between the 5/2+ and 3+ states of F” has 
already been discussed (Sec. 4). The energy difference 
due to nuclear forces between the ground states of the 
mirror pair Ne and F"’ is 0. This is in good agreement 
with the total mass difference and the Coulomb energy 
difference calculated by (20}. 

The lowest state with parity + of O” is predicted to 
have J=5/2. It is assumed in Fig. 1 that this is in 
fact the ground state of this radioactive nucleus. (Its 
half-life is 29 seconds.) It is then possible to compare 
the observed energy difference between the ground 
states of O" and F” plus the Coulomb energy difference 
with the calculated difference between the nuclear 
(3/2,5/2) and (4,4) states. The value deduced from 
experiment lies between the calculated ones for Vo and 
cVo, but much closer to the latter. This is, of course, 
better evidence that cV is a more accurate depth than 
the agreement for the 200-kev energy difference in F". 

For either parameter, however, the energy difference 
between the lowest (},}) state of O”, which presumably 
should correspond to the observed 1.47-Mev state with 
$+, and the (3/2,5/2) state is only about 0.5 Mev. 
This discrepancy of 1 Mev is of similar magnitude to 
one for A=18 given in Table III. The inaccuracy of 
this calculated energy difference casts some doubt upon 
the predicted spin of the ground state of O”. Indeed, 
there seems to be an empirical indication that the spin 
of the ground state of an odd nucleus is determined by 
the odd nucleons. Such a rule would lead us to expect 
J =} for the ground state of O", since Na™ with three 
odd protons has that spin. The present calculations cer- 
tainly do not confirm this: From Table V, we would 
expect the (3,3) state to lie higher than either the 
(3/2, 5/2) or the (3,4) state. Further calculations have 
been based on a (3/2, 5/2) ground state for O”, in 
order to the consequences of a definite 
assumption. 


ascertain 


ft Values 


ft values for two allowed 8 transitions at A = 19 have 
been calculated, and are given in Table XI. The method 
of calculating matrix elements between states of single 
configurations given by Talmi" was used. It is based on 
formula (17). Some details of calculations involving 
configuration interaction may be found in reference 2. 

Ne"(8*)F". This is a favored transition. The calcu- 
lated value is slightly low, as is that for F'*(8*)O", but 
it is just within present experimental uncertainty of 
the measured one. 

O”(8-)F*, 5/2+-. This is an unfavored transition, 
with ff=355 000. Calculations based upon single con- 
figurations in j-7 coupling lead to a favored ft value." 

"|. Talmi, Phys. Rev. 91, 122 (1953 

"FE. P. Wigner, Proceedings of the Harwell Nuclear Physics 
Conference (Ministry of Supply, Harwell, 1950). 
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A somewhat larger, but still not unfavored, ft value is 
obtained if all Type 0 configurations are taken into 
account. It is because of this result of earlier calcula- 
tions, that it was decided to take the Type 1 and 2 con- 
figurations into account. The contributions of the 
various types of configurations to the total double-bar 
(or reduced) matrix element 9% of Sec. VI, reference 2, 
are given in Table XII for cV». The large contribution 
of Type 1 configurations, which have rather small 
amplitudes, is due to cross terms between them and 
terms of Type 0. In particular, the largest such con- 
tribution is that of 


(dy 3 —» (dy)? d, [1,4] 
and is 
0.8240.199X (— 2.343) = — 0.384. 


The first two numbers in the product are the initial and 
final amplitudes, the third is the value of & for this 
transition. For comparison, the contributions to W of 
the various types of configurations for the favored 
transition are also given in Table XII. The contribu- 
tions of Type 1 and 2 configurations now amount to 
only 38 percent of those of Type 0 configurations, and 
are of the same sign, as against 63 percent and opposite 
sign for the unfavored transition. It is thus possible to 
account in a rather unambiguous way for one allowed 
unfavored ft value. Only further calculations will tell 
whether the present model can account for some of the 
many other unfavored transitions. 

If the basic wave functions of the Z-S coupling 
scheme are used, the reason for the small matrix element 
of O"(8-)F", 5/2+ is seen more directly. A state 
d**—D has the largest weight’ in both the initial and 
final wave functions. However, the initial and final 7D 
states differ in orbital symmetry, i.e., belong to dif- 
ferent partitions, and the #-decay matrix element 
between them is 0. The smallness of the matrix element 
of this transition is therefore due to breakdown of j-7 
coupling; on the other hand, the fact that it is con- 
siderably larger than 0 is due to breakdown of L-S 
coupling. 

There is also a 8~ transition of lower energy, from 
the ground state of O" to a state of F” at 1.59 Mev. The 
ft-value of this transition is 21400; it is therefore 
allowed and we expect the 1.59-Mev state to have 
parity +. However, neither its spin nor the spin of the 
initial state of O” has been definitely established by 
experiment. For this reason the ft value has not been 
calculated. 


Magnetic Moment of F'’ 


This quantity was calculated by means of formula 
(17) and the fractional parentage coefficients. The 
theoretical value is too large by 0.31 nm (Table X1). It 
varies only very slowly with a change in the depth of 
the potential. At first, the submatrix of (4,4) for Type 0 
configurations only was diagonalized. The magnetic 
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Taste XII. The contributions of the various types of con- 
figurations to the total double-bar or reduced Gamow-Teller 
matrix element, &, for two 8 transitions. Each line includes the 
contributions of all direct and cross terms between configurations 
of the listed type. The second line contains in addition the cross 
terms between Type 1 and Type 0 configurations, and the third, 
the cross terms between Type 2 and Type 1 configurations, 





OMG) FY, §/2+ Ne#*(9*)F¥ 





— 1.64 
—0.310 
—0.311 


0.803 
—0.421 
— 0.088 


Type 0 
Type 1 
Type 2 


Total 4 0.294 





moment for a wave function of these configurations 
alone was just 2.63 nm, the observed value. We see that 
the effect of the higher configurations here, too, is 
rather substantial. We must conclude that the (4,}) 
wave function of the present paper is not accurate; 
however, it has been pointed out that small admixtures 
of higher configurations can affect nuclear moments 
substantially.” 


Half-Life of the 5/2+- State of F'’ 


The 200 kev, 5/2+ level of F" decays to the ground 
state by a y transition of order £2. With the initial and 
final wave functions for (1/2, 5/2) and (4,4), the half- 
life for this transition can be calculated. The operator 
is of type (16) with 


f(i)= (4—-T yr 2(5/4e)1C, (i), (32) 


in the notation of Racah.* The calculated half-life 
(Table XI) is 2.7 times larger than the measured one. 
For a single-particle E2 transition, of type 1dy—> 2s,, 
with the same energy, the result would have been 


Ty=14X10~ sec. 


For a three-particle configuration with only one proton, 
the matrix element is necessarily smaller and 7; larger. 

We saw from Sec. 1 and Table I that matrix elements 
of the two-nucleon interaction do not vary much for 
the change from (v9, cVe) to (v;,V). Consequently, the 
wave functions and energies are about the same. This 
is true also for matrix elements of all operators (16) 
which, like the magnetic moment operator, do not 
contain r;. It is not true for (32). In order to obtain the 
half-life for (»;,Vo) from that for (vo,cVo) we must 
multiply the latter by a factor 


(v;/v0)" = 2.02, 


since the matrix element of (32) varies as wv. This 
demonstrates simply that a decrease in nuclear radius 
increases the half-life. 


4A. Arima and H. Horie, Progr. Theoret. Phys. (Japan) 12, 
623 (1954). Also, a paper on quadrupole moments, to be published. 

“RK. G. Sachs, Nuclear Theory (Addison-Wesley Press, Cam- 
bridge, 1953), pp. 232-241; J. M. Blatt and V. F. Weisskopf, 
Theoretical Nuclear Physics (John Wiley & Sons, Inc., New York, 
1952 »P 595 
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Tasie XIII. The interaction energy between states of B outer 
neutrons and states of the double closed shell, obtained from the 
experimental binding energy, @Gs, of B neutrons, and the cal- 
culated interaction energy Ex» of outer states. Eg is defined by 
Eq. (34), and given for two values, V> and cVo, of the depth of 
the Gaussian two-nucleon potential. All energies are in Mev 


«(B) =(@e+Es)/B 
Nucleus (Ye , Ve cVe 





oOo" . . 4.14 
oO" : 5 2.20 
oO” : 2.52 


It seems possible that better agreement between 
theory and experiment for the half-lives of the states 
of both F"’ and O" which decay by £2 transitions could 
be obtained if higher configurations are taken into 
account. In particular, configurations in which the core 
is broken up may change the radiative transition matrix 
elements substantially, even though their amplitudes 
in the wave functions are very small. In transitions 
between such configurations more than one proton may 
be involved, in contrast to the transitions considered 
here. The contributions of higher configurations to the 
diagonal matrix elements of operator (32), that is, to 
the quadrupole moments, have been calculated by 
Horie and Arima.” Their work shows that these con- 
tributions generally lead to better agreement with 
experimental quadrupole moments. 


Interaction Energy between the Outer States and 
the Double Closed Shell 


According to the model of I, there should be a term 
in the potential energy due to interaction between 
each outer state and the double closed shell. For central 
forces this term depends only upon the orbital angular 
momentum of the outer state; furthermore, a harmonic 
oscillator potential leads to a kinetic energy term which 
has the Same value for each state of the same main 
shell. Since both sy;—d, and dy—d, energy differences 
have been taken into account empirically, we would 
expect to find a contribution «(B) to the energy which 
is just proportional to the number of outer nucleons. 
{ Compare, I (41). ] This contribution 


¢(B)= (@a+Esz)/B, (33) 


is given in Table XIII. ®» is the experimental binding 
energy of B outer neutrons in an oxygen isotope. Ex 
is the calculated total interaction between outer states 
plus the empirical contributions just mentioned. Thus 


E,= (V (r42)+A(1)+A(2)), and E;=(V+A™),, (34) 


where the brackets denote the expectation value for the 
ground state. It is plain from the table that ¢«(B) is not 
constant for cV». A similar discrepancy appears for the 
F and Ne isotopes, since the observed mass differences 
for each A are roughly accounted for by the present 
model. The situation is improved somewhat for the 
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smaller depth V»; however, we recall that for this 
parameter much of the agreement of Table XI is 
spoiled. We may put this result in another way: The 
present model does not account for the joint binding 
energy of two or three outer nucleons. 


6. CONCLUSION 


In I a variation method is used to obtain the best 
shell model wave function for a system of A nucleons 
under two-nucleon interactions. In reference 2 and the 
present paper calculations have been made for A =17, 
18, and 19 which assume that the two-nucleon inter- 
action is just an equivalent central potentia] which 
accounts for part of what is known about the neutron- 
proton system. The energy differences between single- 
particle levels in the 1d, 2s shell observed for O'” have 
been introduced in an empirical way. 

The ft value for the unfavored O" 8~ transition, and 
the energy difference due to nuclear forces between the 
ground states of O” and F'’, as well as that between 
the 5/2+ and $+ states of F, change rather rapidly 
with the depth. The remaining quantities in Table XI 
are seen to change slowly. It is plain that generally 
better agreement is obtained for the set of parameters 
(vo, cCVo) than for (v9,Vo); however, it was shown in 
Sec. 1 that these results are roughly equivalent to 
others with exactly the deuteron depth Vo, but a new 
well parameter »;, corresponding to a somewhat smaller 
nuclear radius. Actually a parameter intermediate 
between vo and »;, but very close to », would seem 
best. The effects of a change in A(z) can also be related 
to a change in depth (see Sec. 3), and hence to the 
nuclear radius. The same holds for changes in the range 
po of the two-nucleon interaction, since its matrix 
elements depend only upon po*»' and Vo (see refer- 
ences 2 and 5). 

The calculations for cV» lead to agreement between 
theory and experiment for the following quantities 
(neglecting very small discrepancies, such as that of 
0.02 nm in the magnetic moment of O'’, and taking 
account of present experimental uncertainties) : 


(1) The magnetic moment of O". 

(2) The ft value for Ne'*(8*)F'* (which, however, is 
very inaccurately known). 

(3) The energy difference between 5/2+ and 3+ 
states of F'’. 

(4) The energy difference between ground states of 
O” and F*. 

(S) The ft value for Ne®(8*)F". 

(6) The ft value for O"(8-)F", 5 


2+. 
[(7) The quadrupole moment of O'7.] 


But there is at least quantitative disagreement for: 


(—1) The energy difference between the ground states 
of F* and O'. 

(—2) The ft value of F'*(8*)O"*. 

(—3) The energy of the $+ state of O”. 
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(—4) The magnetic moment of F". 
(—5) The half-life of the 5/2+ state of F". 
(—6) The binding energy of the two outer neutrons 


of O'. 
(—7) The binding energy of the three outer neutrons 
of O*. 
[(—8) The half-life of the }+ state of O'7.] 


Two quantities are enclosed in brackets. They are the 
ones which depend most substantially upon a center-of- 
mass effect. This has been taken account of by a core 
+ single-particle model, which destroys the full anti- 
symmetry of the A-particle wave function, and is 
therefore not consistent with the present model. None- 
theless this assumption might have some validity, and 
for that reason g(O"’) is included in the first list. We 
recall from paper I that the present model also accounts 
for the binding energy of one neutron in O'’, but not for 
the total binding energy of O"*. 

There are two conclusions: 

(1) The assumptions of the present model together 
with the approximations used here fai] to account in a 
general way for the properties of states with parity + 
in the region of A=17 to 19. The very similar results 
obtained” for a Yukawa central interaction and the 
Rosenfeld mixture of forces make it appear unlikely 
that still another central potential or mixture of central 
forces could substantially alter this situation. 

The possibility that contributions of configurations 
with 1f and 2 and even higher states may lead to 
better agreement with experiment should, however, be 
mentioned. Indeed, some calculations” based on a 
model in which neutrons and protons couple separately 
have indicated that this is generally true for the mag- 
netic and quadrupole moments. Furthermore, one 
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would expect that noncentral forces which are surely 
present in the interaction between two free nucleons 
would also prevail between bound nucleons. Their 
effect upon already measured quantities in the oxygen 
region has not yet been calculated and might sometimes 
be substantial. 

(2) The agreement with experiment which was 
sometimes obtained may well be accidental. Neverthe- 
less, in view of the possibilities mentioned under (1) it 
is conceivable that an accurate picture does contain 
some features of the present model. One might venture 
to surmise that such a picture would include: (a) A 
Hamiltonian containing a term 


A 

Ld Vii,j), 

i<j 
where V (1,2) is an interaction which accounts accu- 
rately for all that is known about the two-nucleon 
system at low energies. (b) A totally antisymmetric 
A-nucleon wave function which, for nuclei in the oxygen 
region, can be approximated by a linear combination 
of a limited number of products of A single-particle 
wave functions. 
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The radiations from Sb were investigated by use of a magnetic solenoid spectrometer, a coincidence 
scintillation spectrometer, and a proportional counter spectrometer. Three 8~-groups are present with end- 
points 1970+-5, 1400+-10 7404-20 kev. The highest energy 8-groups exhibits an a-shape and the two lower 
8-groups have allowed Kurie plots. Gamma-ray investigations showed that four gamma rays of energies 
566+4, 68644, 113746 and 126046 kev could be associated with the decay of Sb™. Coincidence tech- 
niques related the 1150-kev y-ray with the X-capture side and also showed that the 566 and 686-kev y-rays 
are in cascade. The ratio of (K +L) capture relative to total 8--emission was found to be 3.1 percent. The 
ratio of K-capture to the excited state of Sn™ and K-capture to the ground state was found to be 1:2.1. The 
intensities of all radiations are listed and the ft-values for various transitions calculated. An upper limit of 


10°* is placed on the positron emission. 


INTRODUCTION 


HE first studies on the radiations of Sb™ in this 
laboratory were made in 1950.' The shape of the 
highest energy 8- group from Sb™ was investigated 
first. It showed a unique first-forbidden shape of the 
type of transition of AJ=2, yes, which assigns the spin 
and parity of the ground state of Sb™ as 2-. Further 
work with a magnetic coincidence spectrometer isolated 
the second group of 8transition and revealed that the 
upper energy of this transition is 1.45 Mev and that the 
shape of the spectrum is indistinguishable from an al- 
lowed one. However, subsequent 8 and + angular cor- 
relation experiments showed a definite anisotropic dis- 
tribution? which furnished further information on the 
possible spin and parity assignments of the first excited 
state of Te’. The spectra of the two highest-energy 
8 groups and the 8-y angular correlation of Rb* and 
I** were investigated at that same period and a general 
similarity was observed among these three isotopes 
Rb™, Sb™, and I*). The general conclusions concern- 
ing the assignments of the spin and parity of the energy 
levels in Sb'™ and Te'™ were at that time in substantial 
agreement with Glaubman’s results from y-y angular 
correlation.’ The shapes of the two highest 8 spectra 
were also in good accord with his results. Lately, how- 
ever, several more gamma rays were reported in Sb™. 
Further, the analysis of the composite § spectrum led 
to conclusions which were quite different from those 
previously obtained.** In view of these differences, it 
seemed highly desirable to have the radiations of Sb™ 
systematically reinvestigated. The reinvestigation was 
performed with the magnetic solenoidal 8 spectrometer, 


t This work was partially supported by the U. S. Atomic Energy 
Commission 
'C. S. Wu, Proceedings of the International Conference or 


Nuclear Physics, Chicago (unpublished), p. 158; Macklin, 
Lidofsky, and Wu, Phys. Rev. 82, 334 (1951) 

#1. Shaknov, Phys. Rev. 92, 33 (1951 

*M. J. Glaubman, Ph.D. thesis, University of Illinois, Urbana, 
Illinois (unpublished); M. J.,Glaubman and F. R. Metzger, Phys 
Rev. 87, 203 (1952 e 

‘Cork, Brice, Hickman, and Schmid, Phys. Rev. 93, 1059 
(1954) 

* J. Moreau, Compt. rend. 18, 1130 (1954) 


the proportional counter spectrometer, and the selective 
coincidence spectrometer. 


PREPARATION OF THE SOURCE 


Sb’ was produced from the reaction Sb™(n,7)Sb™ 
by bombarding enriched Sb™ with slow neutrons in the 
Brookhaven pile for a period of three days. The en- 
riched Sb had an abundance ratio of Sb™ to Sb” equal 
to 99.4 percent to 0.6 percent and was procured from 
the Stable Isotope Research and Production Division of 
Oak Ridge National Laboratories. The presence of the 
small amount of Sb”* in the bombarded sample con- 
taminated the source with the 60-day Sb™ isotope 
which was produced by the reaction Sb™*(n,7)Sb™. 
The number of disintegrations of Sb™, present at the 
time the experiment was carried out, was less than 0.4 
percent of the number of disintegrations of Sb’. This 
estimate was made using the intensity ratio of the 1.71- 
gamma line of Sb and the 566-kev gamma line of 
Sb™, 

§- RADIATIONS 


The first measurement of the 8~ spectrum of Sb™ in 
this laboratory was made in 1950 by using a magnetic 
solenoidal spectrometer and the magnetic coincidence 
spectrometer. The results were briefly reported by 
Macklin, Lidofsky, and Wu.' Recently, the total 8- 
spectrum, in particular the conversion electrons of the 
566-kev gamma line, was again investigated. The Kurie 
plot of the highest-energy portion reveals an a shape. 
Consequently, the @ correction factor (}K*Lo+3L,)! 
was applied to each point on the curve and another plot 
was made of these corrected values [ Fig. 1(a) ]. The 
points in the higher-energy region fall on a straight line 
that crosses the energy axis at 1970 kev. Therefore, the 
highest energy 8~ group in Sb™ has an end point of 
1970+5 kev and an a shape. The analysis of the total 
8- spectrum was continued after subtracting the 
highest-energy 3- group from the composite spectrum. 

A Kurie plot of the remainder was made and is shown 
in Fig. 1(b). The high-energy points fall on a straight line 
which crosses the energy axis at 1400+ 10 kev and there- 
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Fic. 1. (a) Corrected Kurie plot showing a high energy 8 group with endpoint energy of 197045 kev. (b) Kurie 
plot of remaining 8~ groups obtained after subtraction of highest energy group from the composite spectrum, 
showing a second 8~ group with endpoint energy of 1400+ 10 kev. (c) Kurie plot for the lowest-energy 8~ group 


with endpoint of 740+20 kev 


fore yields a second 8~ group with a linear Kurie plot 
and end point of 1400+10 kev. Repeated application 
of the above procedure gave the third and lowest energy 
8- group with a linear Kurie plot and an end point of 
740+ 20 kev [ Fig. 1(c) ]. 

The relative intensities of the 8~ transitions are deter- 
mined by comparing the areas under the three com- 
ponent $ spectra shown in Fig. 2. The ratio of in- 
tensities for the 740+20, 1400+10, and 1970+5 kev 
transitions are 6.3:61.1:29.1 respectively. However, it 
is felt that the intensity ratio of the 740-kev group to 
the 1400-kev group is probably higher than the true 
ratio as there are always some extra low-energy elec- 
trons due to the self-absorption effect and the scattering 
effect in the source. 


INTERNAL CONVERSION 


The only gamma ray which is converted to any ob- 
servable extent is the 566-kev gamma line. Figure 3 
shows the internal conversion electron spectrum for 
this line. The energy of the peak is 534 kev and since the 
K-binding energy of tellurium is 31.8 kev this gives the 
energy of the gamma ray as 566 kev. The K/(L+M) 
ratio obtained by a comparison of the areas under the 
peaks is 5.3+0.5. The value of ax obtained is (ax)see 
=5.2K10-*. The theoretical value of ax found in the 
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Fic. 2 The three component §~ spectra. 





tables of Rose et al.* for electric quadrupole radiation is 
5.0X10~-*. The agreement is very good. Since the value 
of ax/az is quite insensitive to the parameter Z*/E for 
values of Z?/E~5, no conclusions can be made regarding 
the multipole order of the radiation from this ratio. It 
might be mentioned, however, that the magnitude of 
the experimental result is of the correct order. 


EXTERNAL CONVERSION 


A precise energy determination of the gamma rays 
was made by measuring the energy of the photoelectric 
lines from an 11.5-mg/cm? thick lead radiator in a 
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Fic. 3. Internal conversion electron spectrum for the 566-kev 
PMH EEA, Pe. gamma ray of Sb™. 

* Rose, Goertzel, and Perry, Oak Ridge National Laboratory 
Report ORNL-1023 (unpublished). 
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Fic. 4. External conversion electron spectrum showing the 
presence of four gamma radiations in the decay of Sb'* at energies 
56644, 686+4, 125846, 113746 kev 


magnetic spectrometer. The electron spectrum shown 
in Fig. 4 reveals the presence of four gamma radiations. 
After correction of peak energies for the K or L binding 
energies of lead is made, the radiations correspond to 
energies of 566+ 4, 686+4, 1258+6, and 1137+6 kev. 


Gamma-Ray Spectrum 
(a) Single Spectrum Analysis 


The spectrum of photons emitted in the decay proc- 
esses was investigated with a single channel scintillation 
spectrometer. The resolution is 9 percent for the 661 kev 
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Fic. 5. Single gamma-ray spectrum of Sb™ obtained by using 
a single-channel scintillation spectrometer. 
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line of Cs’. Repeated checking assured that the ap- 
paratus was stable and that the gamma-ray energies 
could be measured with about 3 percent accuracy. 

The¥relative efficiency of the spectrometer for de- 
tecting radiations of different energies was determined 
by a method outlined previously.’ A plot of relative 
efficiency versus energy was made on log-log graph paper 
and yields a smooth curve. 

The single spectrum is shown in Fig. 5. Four gamma 
rays belonging to Sb™ are identified at the energies 
565+5, 69347, 1130+11, and 1260+ 13 kev. A peak in 
the very low energy region due to the x-rays of Sn™ 
and Te’ is also present. Further investigation showed 
that no other gamma rays could be associated with 
Sb™.* The peak at 1.71 Mev has been previously re- 
ported in the decay scheme of Sb™. The presence of 
this isotope was justified earlier in this paper. After 
suitable corrections were made for background, Comp- 
ton radiations from higher-energy gamma rays, and 
variations in the detecting efficiency with energy, the 
relative intensities of the gamma rays were determined 
with an accuracy of about 10 percent and are listed in 
Table I. The possibility of the 1150- and the 1260-kev 
radiations arising from the summation of the 565- and 


TABLE I. Relative intensity of the gamma radiations. 


Coincidence 
spectrometer 


Single-channel 
7 radiation analyzer 


566 kev 100 100 
686 kev 5.1 5.3 
1258 kev 0.99 

1137 kev 








693-kev gamma rays was eliminated by the usual 
absorption methods. 


(b) Coincidence Measurements 


The assignment of the various gamma radiations 
and the x-rays in the decay scheme was done with the 
selective coincidence spectrometer (Fig. 6). The in- 
strument consists of two crystals each mounted on a 
Dumont K-1186 photomultiplier tube. The phototubes 
are horizontally placed head on and the source is 
mounted between them. The system of crystals, tubes 
and source is enclosed in a ;y-in. thick aluminum light 
tight shield. Provision is made for varying the source 
distance. The crystals used for detecting gamma rays 
are 1} in.X1} in. Nal and the crystal used for detect- 
ing the x-ray is a 1} in. X} in. Nal. All three crystals are 
permanently sealed in aluminum containers with glass 
windows. The housing for the x-ray crystal has a 1-mil 
thick aluminum foil window. Electrons are absorbed 


’ Koerts, Macklin, Farrelly, van Lieshout, and Wu, Phys. Rev 
98, 1230 (1955) 

* The authors wish to express their appreciation to Dr. J. Mihe- 
lich of Brookhaven National Laboratory for communicating the 
results of his investigation of the gamma rays in Sb™. 
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in a polystyrene slab. The use of the thin aluminum 
and the polystyrene slab minimizes the absorption of 
the low-energy gamma radiation. 

A detailed description of the performance of the 
spectrometer and the methods employed for the energy 
calibration and efficiency determination have been 
given in an earlier paper.’ Briefly, its function is to 
select radiation of a particular energy which has been 
detected in one of the phototubes and then to display 
on a multichannel pulse height analyzer all the radia- 
tions detected in the second phototube which are in 
coincidence with this selected one. The coincidence 
mechanism employs a combination of fast and slow 
coincidences. 

The gamma-gamma coincidence spectra found are 
shown in Fig. 7(a), (b). The spectrum (a) was obtained 
when selection of the 565-kev gamma was made and 
shows that the 693-kev gamma ray is in coincidence 
with it. The spectrum (b) was obtained by selecting the 
693-kev gamma ray and serves not only as a check on 
(a) but also to confirm the absence of any other coin- 
cident events. Selection of the 1150-kev gamma ray 
showed that no radiation with energy greater than 100 
kev could be in coincidence with this gamma ray. 
Furthermore, proportional counter investigations of the 
Sn x-rays resulting from K-capture transitions showed 
that these x-rays were relatively abundant and are in 
fact about 10 times as intense as the Te x-rays. Thus it 
seemed logical to extend the coincidence investigation 
to the K-capture side. The spectrum of radiation in 
coincidence with the Sn x-rays, Fig. 7(c), confirms the 
above suspicion and definitely establishes that the 
1150-kev gamma is in the K-capture branch. 

The relative intensity of the 563-kev to the 693-kev 
radiation was calculated from the coincidence data in 
accordance with the procedure developed in reference 
7. The results are listed in Table I and agree well with 
those determined from the analysis of the single-channel 
spectrum. 


Determination of the Relative Intensity of 
the Electron Capture Process 


The electron capture transitions of Sb’ should lead 
both to an excited and to the ground state of the Sn'™ 
nucleus with the emission of Sn x-rays. Since the x-rays 
are close in energy to the Ba K x-rays which arise from 
the internal conversion of the 661-kev gamma radiation 
of Cs"*’, a particularly useful type of comparison method 
may be employed to determine the intensity ratio of 
K-capture to the 563-kev gamma-transition. The 
method involves a measurement of the x-rays of Sn and 
Ba with a proportional counter (Fig. 8) and a measure- 
ment of the 563-kev gamma line of Sb” and the 661-kev 
gamma line of Cs'*’ with a single-channel scintillation 
spectrometer. The same sources must be used in both 
cases. 

The details of the method, along with a discussion of 






























































Fig. 6. Block diagram of the selective coincidence spectrometer. 
the various correction factors which are employed, are 
given in reference 7. The intensity of X-capture transi- 
tions relative to the intensity of the 563-kev gamma 
radiations as determined according to the above pro- 
cedure is 4.1 percent. By multiplying this ratio by the 
factor /s3/(Is:+1s2+/¢3), one gets for the ratio of 
K-capture to 8~ emission the value 2.8 percent. If one 
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Fic. 7. (a) Gamma radiations in coincidence with the 566-kev 
gamma ray. (b) Gamma radiation in coincidence with the 686-kev 
gamma ray. (c) Gamma radiation in coincidence with the Sn 
x-ray 
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then uses the value of 1.12 for the ratio of total capture 
to K-capture, one obtains (K+) capture/f-=3.1 
percent. 

Ratio of K, to K, Capture 


The branching ratio for K-capture to the excited and 
to the ground states of Sn can be calculated from the 
results of the coincidence measurements. The formula 
used is 

f= N, 160, x-ray ota (Nang singles €:150), 


where f is the fraction of total K-capture going to the 
excited state; €::50 is the value of the detection effici- 
ency of the coincidence spectrometer for the 1150-kev 
gamma ray. The latter was determined to be 3.8 10~. 
Substitution of the coincidence data into the above for- 
mula gives a value 1/2.7 for f. Therefore, the ratio of 
K-capture to the excited state to that for the ground 
state is about 1.0:1.7. 

It is also possible to make another independent 
estimate of this branching ratio from the single spec- 
trum in conjunction with the information obtained 
from the proportional counter investigations. This gives 
for the ratio of K-capture to the excited state to that to 
the ground state a value of 1:2.4, which agrees within 
statistics with the value found from the coincidence 
data. 


ESTIMATE OF THE POSITRON INTENSITY 


An estimate of the energy available to the ground 
state of the Sn” nucleus for K-capture may be obtained 
from a graph of decay energy versus mass number for 
neighboring isotopes (Fig. 9). The systematics show 
that this energy is large enough for positron emission 
to occur. Investigation of the positron spectrum showed 
that the intensity is so weak that only an upper limit 
could be placed on it. This limit was determined using 
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Fic. 8. Proportional counter measurements of the Sn 
and Ba K x-rays. 
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the magnetic solenoid spectrometer with a separating 
baffle. The results give a value of 1.0 10~ for an upper 
limit on the intensity of the positrons relative to the 
intensity of negatrons. This is in agreement with theo- 
retical predictions. 


DISCUSSION 


On the basis of the results of the present investigation. 
a proposed decay scheme is given for Sb'” (Fig. 10), 
The intensities of the various radiations together with 
the calculated ft-values for the transitions are listed in 
Table IT. 

The ratio of the intensities of the two highest nega- 
tron groups 82/8, was obtained from the Kurie analysis 
of the total negatron spectrum. As was previously 
mentioned, the ratio 8,/82, is considered to be high be- 
cause of scattering, etc. It is felt that the value of this 
ratio as determined from the relative intensities of the 
gamma radiations by scintillation techniques is correct 
to within 10 percent and constitutes a more reliable 
estimate. 

Since the results of the investigations of the shape of 
the 8 spectra indicate a 2~ state for Sb'* and further- 
more since Sn is an even-even nucleus, it can be con- 
cluded that any positron transitions to the ground 
state of Sn would be unique forbidden. With this knowl- 
edge, it is interesting to calculate roughly the expected 
upper limit for positron emission. Letting log ft= 8.50.2 
for a unique forbidden transition and choosing 1.7-2.0 
Mev as the energy available for the transition (see 
Fig. 9), one can use the Davisson graph to calculate the 
partial half-life of the 8+ transition to the ground state. 
The theoretical upper limit on the fraction of decay 
going by positron emission is the ratio Ttotai/7s*, which 
is 0.1 percent-0.01 percent. This is consistent with the 
experimental findings. 

The intensity of the K x-rays relative to the 566-kev 
y ray as determined by the comparison method is 
known with a high degree of accuracy since good cor- 
rections for the proportional counter are known. The 
[-capture correction was taken to be 12 percent but 
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Fic. 9. Graph of decay energy versus mass number for neigh- 
boring isot of Sb™ [taken from K. Way and M. Wood, Phys. 
Rev. 94, 119 (1954)}, 














RADIATIONS 


TABLE II. Intensities of the radiations emitted in the decay of 
Sb™ along with the calculated /t-values for the various transitions. 

















Radiation Abundance (%) Log fe Log ft 
B= 740+20 kev 4.0+0.5 7.68 
8: = 1400+ 10 kev 62.94:2.0 7.59 
Bs =19704 5 kev 30.0+1.0 8.50 
gt less than 0.1 
EC,=0.25-0.85 Mev 1.1+0.1 6.66-7.72 
EC;= 1.4-2.0 Mev 2.0+0.3 7.95-8.57 
yi= 566+4 kev 66.4 +6.6 
y2= 686+4 kev 34 +04 


y= 1258+6 kev 
ys= 113746 kev 


0.66+4-0.12 
0.73+0.10 








this value may be slightly questionable since it applies 
only to allowed transitions. 

The relative intensities of y:, y2, ys, and ys were ob- 
tained from the single spectrum using crystal efficiencies 
which are known to be accurate to about 10 percent. 
The intensity ratio of y; to yz. was independently veri- 
fied by the coincidence data (Table I). The branching 
ratio for K-capture to the two states in Sn™ has been 
calculated from the x-ray coincidence data and from the 
singles spectrum.*-® 

The absolute branching ratios were obtained from the 
relative intensities and are listed in Table II together 
with the ft values for the various transitions. 


CONCLUSION” 


There now seems to be conclusive evidence that the 
highest-energy 8 group has an a shape, thereby es- 
tablishing a spin and parity of 2~ for the ground state 
of Sb’. The transitions to the excited states of Te’, 
are of the type 2-—2* and the ft values are compatible 
with the mean value of log /t7.52-0.5. The possibility of 
a 4* level for the second excited state of Te is not 
feasible since this would require a much lower intensity 


*The average of these two independent measurements was 
taken for the value of the ratio 

” Conclusions on the radiations of Sb™ by Glaubman are in 
good agreement with that of this paper. M. J. Glaubman, Phys. 
Rev. 98. 1172(A) (1955): F arrelly, Koerts, Benczer, van Lieshout, 
and Wu, Phys. Rev. 98, 1172(A) (1955). 
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Fic. 10. Decay scheme proposed for Sb™, 


for the cross-over transition. Gamma-gamma angular 
correlation results also support this assignment. 

The 1150-kev gamma ray is definitely associated 
with the KX-capture branch. This high energy for the 
first excited state of Sn agrees well with the systematics 
and should in fact be expected in light of the closed shell 
proton state for the Sn™ nucleus. 

The ft values for electron capture to the first excited 
state of Sn are compatible with a 2-—+2* type transi- 
tion although only a range of ft values has been esti- 
mated so that the evidence is not completely conclusive. 

The choice of the /1/2 state for the 71st neutron is the 
only posibility in order to obtain a negative parity. The 
two reasonable choices for the 51st proton are the dsj, 
or the g7_ state and the necessity for spin 2 rules out 
the possibility of the dsy. state. 

It is interesting to note that the even-even isotopes of 
Te and Xe in this mass region seem to possess at least 
a second 2+ state at an excitation energy slightly larger 
than twice that of the first excited 2+ state." 
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Inelastic Neutron Scattering in F'’ 
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The energies and yields of the y rays following inelastic neutron scattering in F™ have been studied as a 
function of neutron bombarding energy up to 2.2 Mev. In this range four 7 rays only, of energies 111+1.5 
kev, 19642 kev, 1.240+0.015 Mev and 1.371+0.016 Mev, have been found. The first two correspond to 
the first two excited states of F¥. The second pair of y rays appear, from the threshold curves, to arise 
from F® levels at 1.43+40.03 and 1.55+0.03 Mev respectively. The alternative of a 1.35-Mev level and 


the decay scheme are discussed 


HE properties of the excited states of F" are of 
special interest in view of the theoretical pre- 
dictions of Elliott and Flowers.' The first two excited 
109 and 197 kev have been studied in a 
number of reactions and strong evidence*~* has been 
given for the respective assignments (1/2—) 
(5/2 +). A level at 1.57 Mev, resulting from the 8 decay 
of O", has been shown’ to be (3/2 +-); it decays almost 
exclusively to the 197-kev level by emission of a 1.37- 
Mev 7 ray. Some experimental evidence has also been 
given’~* for F” levels at 0.9 and 1.37 Mev. The present 
experiments were undertaken to obtain further data on 
F levels below 2 Mev. 
The experimental method has been described.” A 
ring scatterer of calcium fluoride or of ‘‘teflon’’ re- 
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Fic. 1. Excitation functions for 111- and 196-kev y rays fol- 
lowing inelastic neutron scattering in fluorine. The neutron energy 
spread was 40 kev near the thresholds. The dotted curve gives 
the total cross section (reference 11 

‘J. P. Elliott and B. H. Flowers, Proc (London 
A229, 536 (1955 

? Peterson, Barnes, Fowler, and Lauritsen, Phys. Rev. 94, 1075 
(1954), and 96, 1251 (1954) 

*Sherr, Li, and Christy, Phys. Rev. 94, 1076 (1954), and 96, 
1258 (1954) 

‘ Thirion, Barnes, and Lauritsen, Phys. Rev. 94, 1076 

*R. F. Christy, Phys. Rev. 94, 1077 (1954 

* Jones, Phillips, Johnson, and Wilkinson, Phys. Rev. 96, 547 
(1954) 

7M. L. Bullock and M. B. Sampson, Phys. Rev. 84, 967 (1951 

* Arthur, Allen, Bender, Hausman, and McDole, Phys. Rev 
88, 1291 (1952 

*R. L. Seale, Phys. Rev. 92, 389 (1953 

” Freeman, Lane, and Rose, Phil. Mag. 46, 17 (1955). 
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ceived neutrons from the T(p,n) reaction (neutron 
energy spread 30 to 40 kev), and vy rays following 
inelastic neutron scattering in the ring were detected 
by a sodium iodide crystal at the center of the ring. 
Backgrounds were obtained by substituting a carbon 
ring for the fluorine scatterer. 

In the low-energy region, y rays of energies 111+1.5 
and 196+2 kev were observed, following inelastic 
scattering to the first two excited states of F%. The 
excitation functions for these y rays up to E,=1 Mev 
are given in Fig. 1. The absolute cross section was cal- 
culated from the observed 90° emission and therefore 
applies more to the 111-kev curve, for which isotropy 
of the 7 rays is known,” than to the 196-kev curve. 
Both curves show a number of resonances corresponding 
to levels in F”, and the resonance structures for the two 
transitions are noticeably different, confirming the dif- 
ferent configurations for the two F™ levels involved. 
The 111-kev curve just above threshold is influenced 
by the upper edge of a 100-kev resonance evident in the 
total cross section (dotted curve, taken from published 
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Fic. 2. Excitation functions for 111-kev, 196-kev, 1.24-Mev, 
and 1.37-Mev y rays following inelastic neutron scattering in 
fluorine (curves A, B, C, and D respectively). The ordinates give 
the relative 90° yields for the four y rays. 
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data"). A fit to the 111-kev curve up to E,=300 kev 
was obtained by assuming single-level dispersion for- 
mulas for resonances at 100 kev (f=15 kev) and 260 
kev (C=80 kev) with ingoing p-wave and outgoing 
s-wave neutrons in each case. This is consistent with 
the assignment of odd parity to the 111-kev level. The 
shape of the 196-kev curve near threshold suggests 
p-wave neutron emission. 

No evidence was obtained for further F™ levels until 
the neutron energy reached 1.5 Mev. At this point a 
y ray of energy 1.240+0.015 Mev appeared, and for 
neutron energies above 1.62 Mev a second y ray of 
energy 1.371+0.016 Mev was also observed. The same 
7 rays were found with a stilbene crystal replacing the 
Nal detector. The excitation functions for these y rays 
are given in Fig. 2, together with the corresponding 
yield curves for the 111- and 196-kev y rays. Allowing 
for the neutron energy spre.d, the threshold for the 
1.37-Mev y ray corresponds to a level at 1.55+0.03 


4D. J. Hughes, Neuiron Cross Sections, U. S. Atomic Energy 
Commission Report AECU 2040, Supplement 3 (Technical Infor- 
mation Division, Department of Commerce, Washington, D. C., 
1954). 
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Mev which is identified with the 1.57-Mev state 
observed in O” decay.® For the 1.24-Mev y ray two 
possible interpretations must be considered : 

(i) Emission from a level at 1.43+0.03 Mev, sug- 
gested by the apparent threshold for the 1.24-Mev 
y ray, the transition then being to the 196-kev level 
(alternative c indicated in Fig. 2). The experimental 
results show that this transition is at least ten times 
more probable than a 1.35- or 1.43-Mev transition to a 
lower state. The 1.24-Mev y-ray excitation function 
displays a resonance structure different from that of 
either the 1.37-Mev or 196-kev curves, implying that 
the 1.43-Mev level has a configuration unlike the 
(3/2 +) or (5/2 +) states. 

(ii) Emission from a 1.35-Mev level, the transition 
occurring to the 111-kev level (alternative c’ in Fig. 2). 
In this case the 1.24-Mev y-ray threshold would be at 
E,,= 1.42 Mev as indicated by an arrow in Fig. 2. This 
alternative is less likely from the appearance of the 
excitation function but cannot be entirely ruled out. 

Coincidence measurements will be attempted when 
the Van de Graaff machine time is again available and 
further details will be presented elsewhere. 
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n-p Scattering at 300 Mev*t 
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An investigation of the protons scattered by 300-Mev neutrons has been conducted with a Wilson cloud 
chamber filled with hydrogen at a gas pressure of ten atmospheres. The data obtained cover the range of 


angles 10 


180° for the neutrons in the center-of-mass system. A striking deviation from symmetry appears 


in that backward scattering is considerably larger than forward scattering. The energy spectrum is presented 
for the neutrons that are produced in a 1}-in.-thick LiD target by 340-Mev protons. A few cases of meson 
production are noted. Also, there is presented experimental evidence for the radiative capture of high-energy 


neutrons in hydrogen 


I. INTRODUCTION 


HE role that exchange forces play in the n-p 

interaction first became apparent in 1949 when 
two groups of workers'* at Berkeley independently 
performed n-p scattering experiments with 90-Mev 
neutrons. The Serber potential, containing equal pro- 
portions of ordinary forces and exchange forces, was 
invoked to offer an explanation for the deep minimum 
and the approximate symmetry about 90° in these 





* This work was performed under the auspices of the U. S. 
Atomic Energy Commission 

t Based on a thesis submitted in partial fulfillment of the re- 
quirements for a Ph.D. degree at the University of California, 
Berkeley, California 

t Now at General Electric Company, Hanford Atomic Products 
Operation, Richland, Washington. 

' Hadley, Kelly, Leith, Segre, Wiegand, and York, Phys. Rev. 
75, 351 (1949) 

? Brueckner, Hartsough, Hayward, and Powell, Phys. Rev. 75, 
555 (1949 


angular-distribution data. Since this early work a 
number of investigators*-? have contributed data that 
demonstrate even more clearly the symmetry about 90°, 

Above 90 Mev, however, backward scattering pre- 
dominates over forward scattering. Experiments?” 


*R. H. Fox, University of California Radiation Laboratory 
Report No. UCRL-867, 1950 (unpublished). 

* Selove, Strauch, and Titus, Phys. Rev. 92, 724 (1953). 

*O. Chamberlain and J. W. Easley, Phys. Rev. 94, 208 (1954). 

*C. Y. Chih, University of California Radiation Laboratory 
Report No. UCRL-2575, 1954 (unpublished). 

Richard Wilson (private communication). 

* Kelly, Leith, Segre, and Wiegand, Phys. Rev. 79, 96 (1950), 

*J. De Pangher, thesis, University of California Radiation 
Laboratory Report No. UCRL-2153, 1953 (unpublished); also 
Phys. Rev. 92, 1084(A) (1953) and 95, 578 (1954). 

” A. J. Hartzler and R. T. Siegel, Phys. Rev. 93, 928 (A) (1954); 
95, 185 (1954). 

" Hartzler, Siegel, and Opitz, Phys. Rev. 95, 591 (1954). 

2 J. W. Easley, University of California Radiation Laboratory 
Report No. UCRL-2693, 1954 (unpublished). 
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have been performed from 137 Mev to 400 Mev to 
ascertain the degree of asymmetry in n-p scattering. 

The work here described was undertaken to inves- 
tigate n-p scattering at 300 Mev and has been discussed 
briefly elsewhere.’ In order to extend the data into small 
neutron angles, a high-pressure hydrogen-filled Wilson 
cloud chamber was constructed and operated in the 
neutron beam of the Berkeley synchrocyclotron. The 
cloud chamber also permitted a limited study to be 
made of meson production and of the phenomenon of 
radiative capture of neutrons in hydrogen. 


Il CLOUD CHAMBER 


A ten-atmosphere cloud chamber with thin windows 
to admit the neutron beam from the cyclotron was con- 
structed to fit into the six-inch gap of a powerful 
magnet. In the expanded position, a cylindrical volume 
12 in. in diameter and 3 in. high is available for the 
production of tracks. Of this space, a region 10.5 in. 
in diameter and 2.5 in. high is uniformly illuminated for 
photography. The central part of the cloud chamber 
consists of a 12-in.-diameter Lucite ring 2} in. high 
and 2 in. thick. There is located on the top a fully- 
tempered cover glass (trade name Herculite), 1}-in. 
thick and with maximum diameter 13} in. To enable 
the Lucite ring to withstand a gas pressure of ten 
atmospheres, it was enclosed by a close-fitting stainless 
steel ring 7% in. thick. A series of holes was drilled in 
the stainless steel ring so that the light from the two 
flash lamps situated on opposite sides of the chamber 
could illuminate the active volume in which tracks are 
formed. 

Up to 12.5 cm* of neutron beam may be admitted 
through thin windows into the cloud chamber. On the 
side of the chamber where the neutron beam is to be 
introduced, a detachable thin-window unit, consisting 
of a hollow brass frame with thin curved foils of 
beryllium-copper alloy hard-soldered to its extremities, 
penetrates the stainless steel and the Lucite rings. The 
outer foil, 0.003 in. thick, is bent into a half-cylinder 
of diameter 1.25 in., while the inner foil, 0.005 in. 
thick, is shaped to follow the contour of the inner surface 
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of the Lucite ring. In order to reduce the strain on the 
inner foil when the cloud chamber is filled with gas at 
high pressure, gas is introduced into the window cavity 
and maintained there at a pressure slightly lower than 
minimum pressure inside the chamber immediately 
after the expansion occurs. A second thin-window unit, 
identical to the one described, is placed on the opposite 
side of the chamber for the purpose of reducing back- 
scattering of the neutrons. 


Ill. EXPERIMENTAL ARRANGEMENT 


A 1j-in. lithium deuteride target was bombarded by 
340-Mev protons inside the 184-inch cyclotron. A brief 
survey with the high-pressure cloud chamber filled 
with hydrogen revealed that just as many neutrons 
with energies above 200 Mev were produced in the 
lithium deuteride target as in the usual beryllium 
target. There were much fewer neutrons of lower energy, 
however. 

Figure 1 shows how the neutron beam from the 
lithium deuteride target passes through the collimating 
system, which is made up of lead, concrete, and copper. 
The second copper collimator, 30 in. long, has a rec- 
tangular hole, 3 in.X2 in., through which the neutrons 
pass before they enter the cloud chamber. 

The cloud chamber is operated in a magnet" which, 
when pulsed with a current of 4000 amperes supplied 
by a 150-hp mine-sweeper generator with a five-ton 
flywheel, furnishes a magnetic field strength of about 
21 700 gauss. The maximum variation of the magnetic 
field over the volume of the cloud chamber in which 
tracks are photographed does not exceed 2.5%. A 
table constructed from a uniformity plot of the mag- 
netic field permits the determination of the field strength 
at the center of each track to an accuracy of +1.0%. 

A specially constructed camera is mounted on a 
lighttight crown 27.5 in. above the cover glass. Pictures 
are taken through a pair of Leica Summitar 50-mm 
lenses at f5.6 on Eastman Linagraph Ortho film in 
100-foot strips 1.80 in. wide. Two G.E. FT-422 flash 
tubes are mounted in lighttight boxes on the sides of 
the cloud chamber. Two condenser banks, each of 
capacity 256 uf and charged to 1500 volts, constitute 
the energy source for the flash tubes. Light from them 
passes through the perforated stainless steel wall of 
the cloud chamber to the interior. 

It takes about 2.5 seconds for the magnet current to 
reach the value 4000 amperes, where it remains steady 
for about 0.2 second before being turned off. The ex- 
pansion of the chamber is completed during the steady 
period of the magnet current. About ten milliseconds 
later the cyclotron is pulsed three times in succession, 
twenty milliseconds apart, and the neutrons pass 
through the chamber. Fifty milliseconds after the third 
pulse of neutrons has entered the chamber the lights 
are flashed. Thus, the tracks are photographed about 


@W. M. Powell, Rev. Sci. Instr. 20, 403 (1949). 














100 milliseconds after the expansion has been com- 
pleted. 

The chamber, collimating system, and target are 
aligned before the start of a run to an accuracy of 
better than +0.25°. 

The time between expansions was two minutes, with 
each expansion yielding about four to five proton-recoil 
tracks (neutron energies greater than 200 Mev) for 
three pulses of neutrons from the cyclotron. One picture 
in ten was taken without the magnetic field, as a check 
on turbulence in the chamber. 


IV. ANALYSIS OF THE PHOTOGRAPHS 


The angles and curvatures of the tracks were meas- 
ured in a stereoscopic projector which has been previ- 
ously described.* Figure 2 shows the geometry of the 
reprojection system. The origin of the coordinate system 
is coincident with the origin of the curved proton track 
OS. The direction of the neutron beam is given by OQ. 
Let the line OP be constructed tangent to OS at the 
point O. OP defines two angles a(dip angle) and 6(beam 
angle) which are measured in the stereoscopic projector. 
The deflection angle @ and the azimuthal angle ¢ are 


TABLE I. Calculated data for low-energy protons. 


Ts T» R 





(Mev 6 ov Mev) (em) 
155 85 9.4° 1.09 1.4 
200 85° 9.3° 1.37 2.2 
300 85 9.0° 1.96 4.0 


1 
1} 
i} 
if 


related to a and 8 by the following expressions: 
cosé = cosa cos§, (1) 
tan@ sin8= tana. (2) 


The slant radius of curvature p, of the track OS is 
measured by matching it to one of a series of arcs ruled 
on a Lucite template. Given the magnetic field strength 
B, the energy T, of the proton may be computed from 


Bp, cosa= 4X 10°(T,,(T,+ 1876) }}. (3) 


The neutron energy 7’, is related to the proton energy 
T, and the proton deflection angle 6 by the equation: 


T,, cos’? 
T= aT, (4) 
1+ (T,,/1876) sin? 

The scatter angle @ for the neutron in the center-of- 


mass system may be obtained from the relation 
cot (6’/2) 

tané=— ———, (5) 

[1+(T7,,/1876) }} 


A definite region of the cloud chamber from which 
tracks are acceptable was chosen for each of the two 
runs. For Run No. 1 the dimensions of the region were 
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0.7 in.X2.3 in.X5.6 in., and for Run No. 2 they were 
0.7 in.X 2.3 in.X6.7 in. The region selected for Run 1 
is smaller than it is for Run 2 because of the presence 
of the greater background of tracks from the window 
structure and collimators in Run 1 than in Run 2. 

On account of the relatively small height of the 
illuminated region of the cloud chamber, tracks dipping 
up or down in the chamber become shorter with in- 
creasing dip angle. For example, a proton track having 
a dip angle of 50° may be as short as 4 cm. The uncer- 
tainty in the curvature measurement on such a short 
track (free from turbulence) could lead to an error of 
from 8 to 60 percent (depending on the deflection angle 
6 for the track) in the determination of the neutron 
energy associated with it. Accordingly, only tracks with 
dip angles less than 50° were measured. 

A lower limit of 155 Mev on the neutron energy was 
set for all the proton tracks that were measured. The 
slant radius of curvature p, of a proton recoiling from 
a neutron with energy 7, in a magnetic field B is given 
by the expression 


p cosp 
.=———_____,, (6) 
1+-(7,,/1876) siné 
where 
p= (10*/3B)[7,,(7,4+ 1876) }. (7) 


For the values B= 21 700 gauss and T,=155 Mev, we 
can calculate, for a=0°: 


p.= 86.2 cos8/(1+-0.083 sin’8), (6’) 


and for a= 50°: 


p.= 86.2 cosB/(1.049-+-0.034 sin’s). (6”) 


Unless the slant radius of curvature of a proton track 
was larger than the least value of p, predicted by Eqs. 
(6’) or (6’’), it was rejected. 

Consider the situation where a proton is scattered 
through a large enough angle @ so that its energy 7, 
may be determined by a measurement of its range R 
in the gas. Table I shows how R varies with the neutron 
energy T,, for @=85°. In addition, values are tabulated 
for the neutron angle #& in the center-of-mass system. 
Since it was felt that tracks with R<1.4 cm might be 
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Fic. 3. A plot of the equation siné sing=sin40° is given. The 
curve encloses the excluded region, which contains those tracks 
whose dip angles are greater than 40°. The diagram is employed 
in the derivation of Eq. (9) in the text 


overlooked, tracks for which 6 <85° were rejected from 
further consideration. 

Not all the tracks in the cloud chamber permit 
accurate measurement of the neutron energy. It is 
possible to select the best tracks by restricting the dip 
angles. It is the purpose of the remaining part of this 
section to show how the omitted tracks are accounted 
for in this procedure. 

Figure 3 illustrates the situation when the dip angle 
is limited to 40°. The regions excluded from the data 
are bounded by branches of the curve whose equation 
is sin@ siné=sin40°. This equation is a special case of 
the equation 


sin sing= sinay, (8) 


which may be derived from Eqs. (1) and (2) or from 
consideration of Fig. 2. In general, we want to account 
for tracks whose dip angles exceed a certain dip angle 
ay by applying a weighting factor f(6,ao) to each track 
measured that lies outside the regions defined by 
sin@ siné= sinay. Assume uniformity of the distribution 
of tracks in the azimuthal angle ¢ and refer again to 
Fig. 3. Let Nw(@) be the number of tracks measured 
outside the excluded region and contained in a narrow 
band of the scatter angle 6. The total number Vr(@) of 
tracks in this band is given by /(@,a0) Vw, where {(6,a0) 
is the weighting factor to be determined. From the 
diagram, we have 


Nr 


S(O0)=——= 
Nu 


4A4+4B A+B x/2 
. " =— A pmeerneresencormres (9) 
4A A sin~'(sinae/ sin) 
for @>«ao, while for 6 ao the weighting factor is unity. 
The maximum value of f occurs for @=90°, where it 


has the value x, (2a). 
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V. SOURCES OF ERROR 


An approximation expression’ for the fractional error 
in the neutron energy has been obtained by differen- 
tiating the nonrelativistic expression for the neutron 
energy. With a slight modification this error expression 
reads 


5T,,/T .= 2 (6B/B)?+ (2 tanada)*+ (tangas)? 
+ (0.04p cos8/L*)*+ (p cos8/p;)*}. (10) 


The standard error in the determination of the mag- 
netic field is about 1 percent. 

After measuring over 2000 tracks, 100 of these were 
independently selected and measured by a second ex- 
perimenter. The standard deviations in a and 8, based 
on the reproducibility of these measurements, were 
computed to be éa= +1.5° and 68=+0.5°. 

Other sources of error in the measurement of a and 
8 stem from the error in the alignment of the cloud 
chamber with the direction of the neutron beam, and 
from the error that arises in the multiple Coulomb scat- 
tering of the recoil protons in the hydrogen gas. The 
former error is estimated to be less than +0.2°. The 
scattering error, which depends on the length of track 
employed in the angle measurement, is important only 
for proton-deflection angles greater than 80°. Calcu- 
lations of the scattering error were made from the 
theory of Moliére’ as modified by Fano!® for heavy 
charged particles. For any track than ended in the 
illuminated region of the cloud chamber, a length ap- 
proximately equal to one-half its range was employed 
in the angle measurement. Also, there was included in 
the calculation the effect of the loss of energy over the 
track segment over which multiple Coulomb scattering 
occurred. For protons deflected by 300-Mev neutrons 
into angles ranging from 80° to 84° the scattering- 
error contribution to 8 varied from +0.70° to +1.12°. 

It was found, from the twice-measured 100 tracks, 
that the distribution of the errors in the measurement 
of the sagittae / of the curved tracks was essentially 
gaussian, with the standard deviation 6¢=+0.005 cm. 
The operation of matching a circle scribed on a Lucite 
template to a track of length Z and of slant radius of 
curvature p, leads to the matching error 


(dp,/ ps) = +8pdt/L?= +0.04p,/ L’. 


Equations (6) and (7) or their nonrelativistic equiva- 
lents may be consulted for the computation of the 
matching errors. 

One picture in ten was taken without the magnetic 
held. An investigation of the radius of curvature p, 
arising from turbulence in the tracks lying near the 
horizontal plane was made by measuring 92 tracks 
contained in these pictures on a precision traveling 
microscope. The curvatures were measured by plotting 

“H. Bethe and J. Ashkin in Experimental Nuclear Physics, 
edited by E. Segre (John Wiley and Sons, Inc., New York, 1953), 


Vol. L. 
 U. Fano, Phys. Rev. 93, 117 (1954). 
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the tracks on a scale enlarged in the direction of the 
sagittae so that they could be measured more accurately. 
The distribution in curvatures C,=1/p; is Gaussian, 
with the standard deviation C,= (33 m)~. It is assumed 
that this result can be applied to an error analysis of 
tracks whose lengths are greater than 8 cm and whose 
dip angles do not exceed 25°. For shorter tracks we 
assume, on the basis of the most turbulent tracks in the 
above group, a standard deviation Cpx=+(23 m)“. 
Steeper-dipping tracks in the ranges of dip angle 
30° <a<40° and 40°<a<50° were found to“possess 
turbulence curvatures up to C;,=+(4 m)" and C, 
= (1.2 m)~ from measurements on the no-field pictures 
in the reprojection apparatus with the Lucite templates. 

The chart displayed as Fig. 4 was constructed to show 
how the average percentage error in the determination 
of the energy of a 300-Mev neutron varies with the 
azimuthal angle and with the deflection angle of the 
proton recoil track associated with the neutron. In 
nearly every square three numbers appear. Denote the 
top numbers by the symbol p, the middle number by 
the symbol g, and the bottom number by the symbol r. 
The total error r=(p’+g*)' is compounded of the 
curvature-dependent error p and the angle-dependent 
error g. 

To illustrate how the values of p and g were obtained 
in the chart, consider N tracks belonging to a particular 
square. Let p; and gq; denote the errors for the ith 
track. From Eq. (10) we have 


pi= 200{[ (0.04/L 2) (p.) P+L(o.) /or FY}, 
gi= 200[ (6B/B)*+ (2 tana ba)*+ (tang 68)" }}. 


The average errors for the square are taken to be 


V 


p= (2X pein, 


eS 
g=(d g?)iN-4. 

1 1 

For the most part, data on at least thirty actual tracks 
(with (p,); computed for 300-Mev neutrons) were 
analyzed for the determination of the average errors; 
in these cases there is some variation of the errors with 
the azimuthal angle. In two cases, however, where there 


TaBLe II. Distribution in energy of the incident neutrons. 
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Number of 

Mev tracks number @ (mb 
160-180 55 91.5 46.55 
180-200 72 125.6 43.7 
200-220 92 166.1 41.63 
220-240 106 166.9 40.07 
240-260 169 266.3 38.85 
260-280 200 352.0 37.87 
280-300 263 424.4 37.08 
300-320 237 379.5 36.42 
320-340 147 259.5 35.86 
340-300 “9 138.2 
360-380 19 39.0 
380-400 6 16.6 
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Fic. 4. Percentage errors in the energy measurements on a 
monoenergetic neutron beam of energy 300 Mev. For the most 
part three numbers appear in each square; in vertical order they 
give respectively the average curvature-dependent, angle- 
dependent, and total errors for the square. Some squares are 
vacant. The errors for them are large and non-Gaussian in contrast 
to the other squares and have been omitted, but are treated 
elsewhere. 


were too few tracks available for the calculation of a 
good average, the data were extended by utilizing the 
geometry of the cloud chamber in the computations. Of 
this character are the tracks for squares contained in 
the interval of deflection angles 0°-10° and 80°-84°, 

The average error for neutron energies other than 
300 Mev for any square up to the deflection angle 80° 
may be calculated by employing the expression 


r=[(T,/300)p*(300)+¢}', 


where q is approximately energy-dependent. Beyond 
80°, however, multiple Coulomb scattering plays an 
important role through the term 200 tang 48;, which is 
the greatest contributor to q;. As stated previously, 
between 80° and 84° and for 300-Mev neutrons, 53, 
varies from +0.70° to +1.12°. This variation causes g; 
to vary from 14.7% to 34.4%, and leads to the average 
value g= 26.8%. For neutron energies below 300 Mev, 
q will be larger than this value. 

In some of the squares or partial squares there are no 
entries made. The errors for these squares are non- 
Gaussian and arise from the rather large turbulence in 
steep-dipping tracks. Further reference is made to this 
situation in Sec. IX. 


VI. NEUTRON ENERGY SPECTRUM 


In order to increase the accuracy in the measurement 
of the neutron energy spectrum the data were selected 
from the angular group (0° <a< 25° and 0° <@<85") 
for which the energy measurements are best. Further- 
more, the data were selected to give fewer short tracks 
than were employed in the angular distribution data by 
moving one of the boundaries of acceptance further 
away from the exit window of the cloud chamber. In 
this way, the tracks were nearly always longer than 
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nine cm. The omission of tracks with dip angles greater 
than 25° is accounted for by assigning a weight 
f (6, ao= 25°) to each track measured. 

Table II lists the data on the neutron energy spec- 
trum. The second column gives the number of proton 
tracks contained in the 20-Mev intervals of the neutron 
energy listed in the first column. The entries in the 
third column were obtained by adding the weighted 
numbers for the individual tracks. Finally, the total 
n-p scattering cross section (which is used later) is 
tabulated for the midpoints of the energy intervals. 

The following procedure was adopted to correct the 
experimental spectrum for the variation'*® of the total 
n-p cross section o with energy and for the errors in 
the energy measurements. The true spectrum /(£’) is 
related to the experimental spectrum F(E) by the 


relation 
anf fs E’)K (E,E’ a,8)o(E’ 0) sin6d6dE’, (11) 


K(E,E’ a8 


removes a neutron from its true location in the 


F(E) 


where is the experimental error function, 
which 
energy interval dE’ into the observed energy interval 
dE. When averaged over a and 8, the error function 
has the Gaussian form 


. ] E— EF’) 
K(E,E’) exp 12) 
2r)'A 2A? 
where 
A(E’) =0.01E' (0.241 EF’ + 22.3)! 13 


was determined by averaging the errors computed for 
159 tracks. For example, the average error in measuring 
the energy of a 300-Mev neutron is +27.7 Mev. The 


ee 


Unfolded energy spectrum for neutrons produced in a 
1 }-in.-thick LiD target by 340-Mev protons 


Mott, Guernsey, and Nelson, Phys. Rev. 88, 15 (1952 
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TaBLe III. Angular distribution of neutrons in center-of-mass 
system. (0° <a <40°, 7, >200 Mev.) 











Number of Number 
tracks for both Weighted mb per 

Angle first run runs number steradian 

10-20 26 37 82.2 3.8340.63 
20-30 42 56 121.9 3.48+0.47 
wW-40 50 86 181.0 3.814041 
40-50 70 102 205.2 3.50+0.35 
50-00 66 107 200.7 2.96+0.29 
6-70 70 98 173.5 2.31+0.23 
70-80 63 102 161.8 2.02+0.20 
80-90 78 112 155.6 1.89+0.18 
90-100 75 116 125.0 1.51+0.14 
100-110 104 166 166.0 2.07 +0.16 
110-120 114 163 163.0 2.17+0.17 
120-130 90 170 170.0 2.51+0.19 
130-140 114 179 179.0 3.06+0.23 
140-150 118 193 193.0 4.06+0.29 
150-160 98 165 165.0 4.7140.37 
160-170 81 139 139.0 6.48+0.55 
170-180 36 66 66.0 9.1441.12 


integration over 6 can now be performed to yield 


i (B)= f EDR (EE)o (EU (11’) 


This integral equation was solved numerically by trial 
and error for {(E’) to give the best fit of F(Z) to the 
experimental data. 

Figure 5 displays the unfolded energy spectrum for 
the neutrons that were produced at 0° in the 1}-in.- 
thick LiD target by 340-Mev protons. The peak of 
the spectrum occurs at 307 Mev. 


VII. ANGULAR DISTRIBUTION 


The angular distribution data, consisting of 2057 
tracks which lie in a restricted angle and energy range 
(T,>200 Mev, 0°<a<40°, and 10°<@ <180°), are 
tabulated in Table III in 10° intervals for the neutrons 
in the center-of-mass system. Each track is weighted by 
the factor f(@,a9=40°) to take into account those 
tracks with dip angles greater than 40°, which were not 
measured. The differential cross section was computed 
by normalizing the data to a total cross section of 35 mb. 
The errors listed are standard statistical errors. 

In Fig. 6, the data are plotted to show the marked 
asymmetry in the n-p angular distribution for 300-Mev 
neutrons. The smooth curve, also normalized to 35 mb, 
is drawn through the cloud-chamber data and through 
the point 13.7 mb/steradian at 180° where the angular 
resolution is insufficient to bring out the sharp peak. 
On the other side of the diagram, at 15°, the differential 
cross section has been raised (see dotted markings) 
from 3.83+0.63 mb/steradian to 4.17 mb/steradian to 
compensate for an estimated 3.4 tracks that are lost 
through the low-energy boundary 200 Mev as a result 
of errors in neutron energy measurements. 

The choice of 13.7 mb/steradian at 180° is consistent 
with the data of Kelly et al.* for 260-Mev neutrons and 
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with the data of Hartzler et al." for 400-Mev neutrons. 
As calculated from the smooth curve in Fig. 6, the 
cloud chamber should give 9.34 mb/steradian for the 
interval 170°-180° while the experimental result is 
9.14+1.12 mb/steradian. The chart in Fig. 4 indicates 
the fact that the errors in the measurement of the 
neutron energy at 300 Mev are approximately equal 
to 17% for the 170°-180° group (or from 0°-5° for 
protons in the laboratory system) and for adjacent 
groups. It is estimated for these groups that only 2% 
of the neutrons contained in them would be lost through 
the low-energy cutoff during the course of the measure- 
ments. 

Energy measurements on the neutrons in the 10°-15° 
group, however, are subject to greater errors (about 
27% for 300-Mev neutrons) than are present in ad- 
jacent groups. Adherence to the low-energy cutoff 
leads to an estimated loss of 3.5 neutrons in this group; 
consequently, the number of tracks in the group should 
be raised from 37 to 40.5. Furthermore, the azimuthal 
weighting factor to be applied is 2.22, so we should 
have 89.8 weighted tracks appearing in the interval 
instead of the 82.2 weighted tracks that are listed in 
Table III. The correction amounts to only one-half of 
a statistical error, however. 

In Fig. 7 is presented a collection of angular-distribu- 
tion data'*-" on high-energy n-p scattering. Some 
data'®-? were not included, since it is not clear how they 
should be normalized to the total cross section. The 
symmetrical curve is included to demonstrate the sym- 
metry of the 90-Mev data about 90°. Only the rough 
features of the growth of the asymmetry for neutron 
energies above 90 Mev are apparent. Clearly, more work 
between 90 Mev and 400 Mev is required to establish 
the asymmetrical trend in detail. 
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NEUTRON ANGLE IN CENTER-OF-MAss systeu 
Fic. 6. m-p angular distribution data in the center-of-mass 

system with a 200-Mev cut-off neutron energy. The dip angle is 

restricted to be less than 40°. The smooth curve is drawn to show 

the likely behavior of the differential cross section. 


™ Randle, Taylor, and Wood, Proc. Roy. Soc. (London) 213, 
392 (1952). 
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Fic. 7. Summary of high-energy data on n-p scattering. 


VIII. INELASTIC n-p SCATTERING 


With 300-Mev neutrons reacting with hydrogen 
nuclei, the following inelastic processes may occur: 


n+p— «x +2p, 

n+ p— x*+ 2n, 

n+p— a +d (or x°+n-+ p), 
n+ p— ytd. 


Evidence for the existence of the last three reactions 
is presented here. Schluter'* at Chicago has observed, 
for 400-Mev neutrons, the charged particles that emerge 
in the first three reactions in a hydrogen-filled diffusion 
cloud chamber. Hildebrand” at Chicago was the first 
to observe the deuterons, which demonstrate the pro- 
duction of neutral pions in n-p collisions. To the best 
knowledge of this writer, however, the radiative capture 
of, neutrons in hydrogen has not been observed at 
neutron energies other than thermal. Consequently, the 
evidence for radiative capture is presented in some 
detail. 

During the experiment only one positive pion was 
foundin the pictures, which contained 2750 protons 
with neutron energies above 200 Mev. This event is 
shown in Fig. 8. Three cases of neutral-pion production 
and two cases of radiative capture were noted and will 
be analyzed further. 

Consider the situation in which a neutral pion with 
rest-mass energy #°(Mev) is formed along with a 
deuteron whose kinetic energy T4(Mev) and angle 
6(degrees) in the laboratory system are measurable 
quantities in the cloud chamber. Let ag(Mev) represent 
the rest-mass energy of the deuteron. The deuteron 
whose angle is @’ in the c.m. system has a velocity £’ 
(in units of c) in this system while the velocity 8 (in 
units of c) of the c.m. system is measured in the 


4 R. A. Schluter, Phys. Rev. 95, 639(A) (1954). 
“ R. H. Hildebrand, Phys. Rev. 89, 1090 (1953). 
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Fic. 10. Curves calculated for the deuterons arising from the 
reaction n+p — x°+d, in which neutral with rest-mass 
energy r°= 136.8 Mev are formed. From these curves the neutron 
energies corresponding to the experimental points may be ascer 


pions 


tained 


the deuterons (labeled with film numbers) found in the 
experiment. These deuterons were identified from con- 
siderations of ionization and curvature in the magnet 
field. Agreement was reached by at least three inde- 
pendent observers on the identification of each deuteron. 
Probable errors in the measurement of the energy and 
the angle are given on the graph. 

At the time the calculations were being performed 
the best value” for r° appeared to be 135.2+1.6 Mev 
To show the effect of the uncertainty in the rest-mass 


the neutral pion in the curves, a second set 
of curves was constructed for r°= 136.8 Mev. They are 
shown in Fig. 10. At the time of writing this paper the 
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Fic. 11. Curves calculated for the deuterons arising in the 
radiative capture of high-energy neutrons in hydrogens. Experi 
mental points representing the deuterons found are also presented 
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* Panofsky, Aamodt, and Hadley, Phys 


* Smith, Birnbaum, and Barkas, Phys 
® W. Chinowsky and J. Steinberger, Phys 
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Figure 11 gives a set of curves, similar to the ones 
just discussed, for radiative capture. Finally, for neutron 
energies less than 340 Mev (maximum energy available), 
the results are summarized conveniently in Fig. 12. 
The curves contained in Fig. 12 are the envelopes of the 
families of curves contained in Figs. 9, 10, and 11, for 
neutron energies below 340 Mev. If a point lies inside 
the outer curve but outside the two inner curves it 
belongs to a deuteron formed in radiative capture. If it 
lies inside the two inner curves, however, it may belong 
either to a deuteron formed in radiative capture or to 
a deuteron formed in the production of a neutral pion. 

Clearly, the points denoted by the film numbers 
85 108 and 92725 represent deuterons formed in the 
radiative capture of neutrons in hydrogen. From Fig. 
12, we find that the deuteron denoted by the number 
85 108 was formed by either a 232-Mev neutron or a 
309-Mev neutron. (The latter value is the more prob- 
able. See the neutron energy spectrum in Fig. 5.) The 





LIMITS ON DEUTERON FOR NEUTRON 
ENERGIES UNDER 340 MEV 


“ 
RADIATIVE ~ \ 


CAPTURE . 


DEUTERON ANGLE 











220 240 


100 120 140 160 180 200 
DEUTERON ENERGY (MEV)(LAB.) 


Fic. 12. Kinematical boundaries for the deuterons arising in 
radiative capture and in neutral-meson production. Clearly two 
experimental points, at least, demonstrate radiative capture of 
high-energy neutrons in hydrogen 


deuteron denoted by 92 725 was formed by a 323-Mev 
neutron. 

Although the remaining three deuterons, denoted by 
the numbers 85 034, 85 484, and &5 490, do not con- 
stitute irrefutable evidence for neutral-pion production, 
nevertheless, on the basis of the neutron-energy spec- 
trum they probably belong to this process rather than 
to the process of radiative capture. 

Figure 13 displays some experimentally determined 
values” of the total cross section for the photodisin- 
tegration of the deuteron as a function of the photon 
energy in the laboratory system. By the principle of 
detailed balancing, these data were employed to cal- 
culate the cross section for the radiative capture of 
neutrons in hydrogen as a function of the neutron 
energy. Figure 14, which displays these calculated 
values, is presented to show the magnitude of the cross 


* Keck, Tollestrup, and Smythe, Phys. Rev. 96, 850( A) (1954). 
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Fic. 13. Experimental data and a likely cross-section curve 
representing the work of Keck, Tollestrup, and Smythe on the 
high-energy photodisintegration of the deuteron. 





section for radiative capture to those experimenters 
who would like to study this reaction further. On the 
assumption of a cross section of 12 microbarns for 
radiative capture at 300 Mev, one would expect to find 
1.0 case of radiative capture among the 2750 protons 
(cross section 35 mb) observed for neutron energies 
above 200 Mev. This number is to be compared with 
the two cases which were actually found. 

A check on the number of the neutral pions that are 
accompanied by deuterons is possible through the use 
of the excitation function™ 


0.19+0.8n? 


for the production of positive pions and deuterons in 
p-p collisions. The quantity 9 is the momentum of the 
positive pion divided by the product of the mass of 
positive pion and the velocity of light, while the exci- 
tation function is measured in millibarns. By employing 
the charge-independent theory of nuclear forces we 
find that the cross section for neutral pion production is 


4 (0.194 0.87"), 


where 7 now is to be associated with the neutral pion. 
If this excitation function is combined with the 300-Mev 
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Fic. 14. Radiative capture cross section as computed from the 
principle of detailed balancing 


™*R. A. Schluter (private communication). 
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neutron spectrum we can compute that 3.4 deuterons 
associated with neutral-pion production should be ob- 
served. This number is to be compared to the three 
deuterons that were actually found. 

One case of impurity scattering was observed in 
which a deuteron appeared at an angle of 51.5°+0.5° 
with the direction of the neutron beam. This deuteron 
lies outside the 11.44° cone accessible to deuterons 
arising from radiative capture. Among 2750 proton 
recoils, from a deuterium impurity of one part in 5000, 
0.4 impurity scatter is to be expected on the basis of 
an elastic n-d scattering cross section of 53 mb at 300 
Mev. Inside a 10° cone, however, only 0.018 elastically 
scattered deuteron is predicted from Chew’s n-d scat- 
tering theory. 


IX. EXPERIMENTAL CHECKS 
Generally, the highest-energy proton 

clearly visible everywhere in the illuminated region of 
the cloud chamber. Some sections of film, however, 
taken at times to determine the best operating condi- 
tions for the chamber, exhibited high-energy tracks that 
were faint near the cover glass. Accordingly, a rule was 
adopted to reject pictures unless they contained high- 


, , 
4 in. Irom 


tracks were 


energy tracks clearly visible up to a distance 
the cover glass. 

As mentioned previously, there were limits imposed 
on the curvature and the dip angle of a track, and on 
the region of the cloud chamber in which is started, 
before it was accepted. A portion of the data, already 
measured by this writer, was selected and measured 
independently by a second experienced observer who 
followed the same limits. He found that this writer had 
missed two tracks in a hundred measured. A stereo- 
scopic viewer, recently developed, with a magnification 
and illumination characteristics superior to those of the 
reprojection apparatus, provided this writer with a 
rapid but psychologically different method of scanning 


‘* 


Fic. 15 Azimuthal distribution for bip angle a < 50°. 


= G. F. Chew, Phys. Rev. 74, 809 (1949 
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the film. Another section of film was scanned with this 
viewer; misses were observed and then were measured 
on the reprojection apparatus. Seven acceptable tracks 
in 350 were found that previously has been overlooked, 
with four of these tracks in the deflection-angle range 
40° <6 <50°. 

The possibility of confusing recoil protons with two- 
pronged oxygen stars (where the recoil nucleus is a tiny 
blob at the origin of the track) was investigated. 
Another member of the Berkeley cloud-chamber group, 
Dr. F. Ford, kindly inspected this writer’s film for 
oxygen stars.** He estimated that approximately 120 
oxygen stars were present in the data. From the ex- 
perience gained in his thesis work on the production of 
mesons in oxygen by 300-Mev neutrons, he states that 
12 of these stars should have two prongs. This result 
is not inconsistent with the result obtained by this 


Fic. 16. Azimuthal distribution for dip angle a <40 


writer, so it is concluded that no confusion arose from 
the presence of the oxygen in the water vapor employed 
in the cloud chamber. 

In order to verify the assumption of azimuthal sym- 
metry upon which the geometrical weighting factor is 
based, distribution plots of the tracks in the azimuthal 
angle @ were constructed. Figures 15 and 16 show these 
plots for the cases of a <50° and a <40°. Except for 
squares traversed by the excluded regions, the numbers 
of tracks in any vertical column should agree in a 
statistical sense with one another. Aside from some 
track-deficient squares, which appear near the vertices 
of the curves that enclose the excluded regions, the 
assumption of azimuthal symmetry in the tracks 
measured is justified. Complete justification of the 
assumption of azimuthal symmetry would require 
measurements on the tracks in the excluded region, 
also. However, these tracks are subject to such large 
errors in the determination of the neutron energy that 
adherence to the low-energy cutoff of 200 Mev would 


* F. Ford (private communication). 
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be practically impossible. Consequently, the justifica- 
tion of azimuthal symmetry must rest on the data 
presented in the distribution plots. Explanations are 
offered below as to why some squares are track-deficient, 
and, finally, why dip angles were restricted to be less 
than 40°. 

An inspection of the error chart in Fig. 4 discloses 
four complete squares with the errors in the neutron 
energy measurements unspecified. The errors for these 
squares are non-Gaussian in character, since they arise 
in curvature measurements strongly affected by tur- 
bulence. Figure 17 shows the curvature spectrum for 
these tracks computed for a magnetic field of 21 700 
gauss and based on the unfolded neutron energy 
spectrum. Also, there is shown the assumed triangular 
distribution P(C,) in the curvatures arising from tur- 
bulence. The base of the triangle is taken to be 
2B=2(4m)". 

The four squares mentioned in the previous para- 
graph also appear in Figs. 15 and 16. They contain 
36+35+43+ 36= 150 tracks, while the remaining four 
squares in the same vertical column contain 44+-46 
+46+55=191 tracks. As the tracks contained in the 
latter group lie near the horizontal plane where the 
neutron energy measurements are relatively good, it is 
estimated that the deficit for the former group is 
44+18 tracks. The result of folding the triangular 
resolution function with 2B=2(4m)~ into the cur- 
vature spectrum shows that 23 tracks appear below 
the low-energy neutron energy cutoff of 200 Mev and 
thus are lost. 

A more serious deficit of (26+42+36+48)— (27+-30 
+18+19)=58+16 tracks exists for the set of four 
squares (Fig. 15) that are closer to the excluded region 
than the four squares just discussed. For this case, the 
curvature spectrum is almost identical with the cur- 
vature spectrum appearing in Fig. 17. The base of the 
resolution triangle, however, is now assumed to be 
2B=2(1.2 m)-. The folding calculation shows that 55 
tracks appear below the low-energy cutoff of 200 Mev 
on the neutron energy. To this number an estimated 12 
tracks are to be added to make up for the ones that 
were simply overlooked in the measurements. 

The accuracy of the estimates just made for the 
number of tracks lost through the relatively poor 
neutron energy measurements depends, of course, on 
how well the resolution triangles are known. Admit- 
tedly, they are not well known, as there were very few 
tracks in the no-field pictures upon which the distri- 
butions in turbulence curvatures could be founded. 
They are sufficiently accurate, however, to establish 
the fact that the errors in the neutron energy measure- 
ments are large and increase rapidly with increasing 
dip angles. 

In the entire group of tracks for the proton deflection 
angle interval 30°<@ <40°, about 44 tracks or 12.9% of 
the total number are missing. However, for the group 
40° <@<50°, 58 tracks or 23.6% of the total are 
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Fic. 17. Curvature spectrum (1) and turbulence plot (2) for 
steep-dipping tracks in a restricted range of angles (30° <@ < 50°). 
The abscissa scale reading divided by 1000 gives the curvature in 
reciprocal centimeters. 


missing. It was decided to limit the dip angles to 40° 
to effectively reduce the deficit for this latter group. 


X. DISCUSSION 


Clearly, the present experiment demonstrates the 
asymmetry in the n-p differential cross section for 
300-Mev neutrons. These data show nearly the same 
asymmetry as was observed at 400 Mev by Hartzler, 
Siegel, and Opitz. The work of Easley at 290 Mev also 
qualitatively substantiates the cloud-chamber data, 
although the 290-Mev data disclose a more rapidly 
rising cross section at small neutron angles. Finally, 
the work of Wilson reveals the asymmetrical trend at 
137 Mev. 

Only a limited study of meson production was pos- 
sible near threshold energies. One positive pion, three 
neutral pions, and two cases of radiative capture were 
observed in the course of the experiment 
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A momentum spectrun 
Coulomb scattering angle 
tribution of scattering ang 


p* for the range 0.6 to 


N the production of cosmic-ray penetrating shower 


particles, it is of interest to study the basic 
processes of secondary particle generation and absorp- 
tion. Multiple production of penetrating particles in 
single nuclear events is known to occur’ and to have 
theoretical “Plural which 


several penetrating particles are generated singly in 


basis.” production,” in 
several nuclear collisions, is also known to occur and 
could give rise to a penetrating shower. The different 
production theories predict different momentum dis- 
tributions, V(p)dp, of the secondary particles. N(p)dp 
may generally be represented by Vop-‘dp, where s may 
vary for various ranges of p. Experimental values of s 
will be helpful in comparing production theories. 

In this experiment,‘ a large cloud chamber (12 24X3 
in.), filled with argon-isopropyl alcohol and containing 
two 1-in. lead plates, was operated at sea level for 750 
hours. Three trays of Geiger counters were arranged 
to select locally generated penetrating showers. These 
were photographed stereoscopically. The pictures were 
reprojected through a duplicate optical system onto a 
viewing and measuring screen where the deflection of 
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Fic. 1. Comparison of observed multiple scattering angle dis 
tribution and the ¢(@) calculated from assumed N(p). Experi 
mental points are indicated by circles 
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Lord, Fainberg, and Schein, Phys. Rev , 970 (1950). 

*E. Fermi, Progr. Theoret. Physics (Japan) 5, 579 (1950); 
W. Heisenberg, Z. Physik 126, 569 (1949); Lewis, Oppenheimer, 
and Wouthuysen, Phys. Rev. 73, 127 (1948) 

*W. Heitler and L. Jdnossy, Proc. Phys. Soc. (London) A63, 
241 (1950) 
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lished). 


Dye, thesis, University of Washington, 1951 (unpub- 


level penetrating shower particles has been determined from multiple 
sments on tracks traversing two lead plates in a cloud chamber. The 
consistent with a differential momentum spectrum N(p) proportional 
; and to p* for the range 2 to 6 Bev/c 


a track in passing through a lead plate could be meas- 
ured to 0.0005 radian. From these data, a spectrum 
g(@)d@ of the observed absolute scattering angles 
was made. Among 21 shower events, 59 secondary 
penetrating particles underwent measurable multiple 
Coulomb scattering in one or both of the plates. 
Among all scattering angles measured, no preferred 
direction (e.g., right or left) of scattering was evident. 
This fact, together with preliminary measurements of 
track straightness, indicated no significant systematic 
track distortions. 

If F,(0,p)d0=( 2x6p'd6/E7t) exp(—p'/E,?t) is the 
differential probability that a particle of momentum p 
will undergo a deflection @ due to multiple Coulomb 
scattering in a plate of thickness, ¢, then g(@)= f'N(p) 
X< F,(8,p)dp. As an approximate solution for V(p)dp, a 
“most probable momentum,” defined by p,,=0.02115/0 
Bev/c,° where ¢ is in radiation lengths, was found for 
each measured @, and the distribution of these most 
probable momenta N,,(p»)dp, was determined. Then, 
by using gm(0)= Sf Nwm(Pm)F:(O,Pm)dpm, a close fit of 
£m(8) to the observed g(6) should validate the approxi- 
mated distribution function. In order to check this 
scattering method of determining momentum distri- 
bution, a g,(@)d@ was also determined for 24 single par- 
ticles (presumably ~» mesons) which penetrated both 
plates. The N,(p)dp found 
p?**1, in general agreement with accepted values.® 

The penetrating shower secondary particle distribu- 
tion suggests that for momenta in the range 0.6 to 2 
Bev/c, s=1, and for higher momenta, s=2. Above 6 
Bev/c, the statistics are insufficient for determining s. 
This result compares with that of Butler, Rosser, and 
Barker,’ who found s=1.5 for p in the range 0.8 to 3 
Bev/c. 

In Fig. 1 are plotted the observed @ distribution and 
two calculated @ distributions: g; for the momentum 
distribution N,« 2p~ for 0.6<p<2 Bev/c; gs for the 
momentum distribution N;«4p-* for 2<p<6 Bev/c. 
One can see how these momentum ranges contribute 
to the observed g(@). The large-angle “‘tail’’ of observed 


* B. Rossi and K. Greisen, Revs. Modern Phys. 13, 262 (1941). 

*D. J. X. Montgomery, Cosmic Ray Physics (Princeton Univer- 
sity Press, Princeton, 1950), p. 192. 

* Butler, Rosser, and Barker, Proc. Phys. Soc. (London) A63, 
145 (1950) 
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MOMENTUM SPECTRUM 
g(@) probably consists partly of very-low-energy second- 
ary particles and"partly of nuclear scattering events. 
Since most of these showers were generated in lead, 
the secondary particles were probably formed in both 
multiple and plural production processes. It is therefore 
difficult to make a unique comparison with either 
theory. The plural production’ theory predicts values of 
s<1.5; the multiple production theories? predicts s~1.5 
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to 2 (Fermi’s statistical model) or higher values (Lewis, 
Oppenheimer, and Wouthuysen). From this fact it may 
be inferred‘ that a theory such as Fermi’s will account 
for the momentum distribution of at least the higher- 
energy secondary particles. 

The author would like to express his thanks to Pro- 
fessor S."H. Neddermeyer for the assistance and 
guidance given in the course of this experiment. 
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Radiochemical studies of the fission of heavy elements (¢;Ho'® to 


so Th*™) with 450-Mev protons have 


been performed. Radioactive nuclides varying in mass number from 59 to 115 were isolated from the various 


targets and, from their measured cross sections, the cross section vs 


mass number dependence was determined 


on the assumption of a yield vs charge distribution curve constant with mass number of the fission product 
and atomic number of the target nucleus. The integrated fission cross sections, in barns, were calculated 
to be 0.67, 0.21, 0.061, 0.019, 0.0050, and ~0.002 for thorium, bismuth, gold, rhenium, tantalum, and 
holmium, respectively. Anomalies in the cross sections and most probable charge values for the heavier 
nuclides isolated from holmium suggest the existence of another competing process, labelled “fragmenta 
tion,” along with spallation and fission. The importance of this process in heavy element bombardment 


is discussed 


I. INTRODUCTION 


ANY investigations of the fission of heavy 
elements, induced by particles and x-rays, have 

been reported.' Using radiochemical methods, Perlman 
and co-workers’ showed that fission occurs in the ele- 
ments tantalum to bismuth with high-energy neutrons, 
deuterons, and alpha particles. From the studies of 
Kelly and Wiegand’ and Jungerman‘ on the cross section 
of various elements for fission as a function of the 
energy of the bombarding particle, it is seen that the 
fissionability increases markedly as the nuclear charge 
increases. Also, for a given element, except the very 
fissionable ones like uranium and thorium, the cross 
section increases substantially as the energy of the 
bombarding particle increases from 50 Mev to 350 Mev. 

A detailed radiochemical investigation of the fission 
of bismuth with 190-Mev deuterons was made by 
Goeckermann and Perlman.’ They showed that the 
fission-yield curve is a symmetrical single-humped 

* This work was supported in part by a grant from the U. S 
Atomic Energy Commission 

t Presented in partial fulfillment for the Ph.D. degree in the 
Department of Chemistry, University of Chicago. Now at Nuclear 
Science and Engineering Corporation, Pittsburgh 36, Pennsyl 
vania. 

1 An extensive bibliography on high-energy fission is given by 
R. W. Spence and G. P. Ford, Ann. Rev. Nuc. Sci. 2, 399 (1953). 

? Perlman, Goeckermann, Templeton, and Howland, Phys. Rev 
72, 352 (1947). 

+E. L. Kelly and C. Wiegand, Phys. Rev. 73, 1135 (1948). 

‘J. Jungerman, Phys. Rev. 79, 632 (1950) 

5 R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628 (1949). 


curve, and that the primary fission products could be 
considered as arising from a fissioning nucleus formed 
xy evaporation of twelve neutrons after the excitation 
of the target nucleus by the bombarding projectile. 
The isolated fission products were shown to be neutron- 
excessive for low mass and neutron-deficient for high 
mass, as expected from a fission process occurring with 
a constant neutron to proton ratio. Recently, Biller® 
studied the fission of bismuth with 340-Mev protons 
and interpreted the results as arising from a distribution 
of fissioning nuclei. 

The work reported in this paper compares the fission 
process in some of the elements from holmium to 
thorium. The bombarding particles were 450-Mev 
protons from the University of Chicago synchrocyclo- 
tron. The radiochemical method of isolating the radio- 
active species, ascertaining their identity, and meas- 
uring their radioactivity was used to determine the 
various parameters of the fission process such as cross 
section, neutron to proton ratio of the fissioning nucleus, 
the variation in yield with charge, etc. As the charge 
of the target nucleus decreases, there is observed a 
decrease in fission cross section, a decrease in the mass 
number of the most probable fission products, and a 
decrease in the neutron to proton ratio of the primary 
fragments formed in high yield. In contrast, the exci- 
tation energy for the fission process remains fairly 
constant as the nuclear charge is varied. 


*W. F. Biller, University of California Radiation Laboratory 
Report, UCRL 2067, December, 1952 (unpublished). 
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IL. EXPERIMENTAL TECHNIQUES 
A. Irradiations 


The irradiations were made with the internal 450-Mev 
proton beam of the University of Chicago synchro- 
cyclotron by placing foils or powder packages of the 
targets on the 2-in. probe. Foil samples of thorium, 
bismuth, gold, and tantalum, and powdered samples of 
rhenium and holmium oxide in aluminum wrapping 
were used. The foils or powder samples were sandwiched 
by 1-mil aluminum foils which acted as beam monitors. 
The target face, measuring 1.9 cmX 1.0 cm was placed 
tangentially along the beam with the protons traversing 
the longer dimension. This length corresponds to a 
target thickness of about 20 g/cm*. The irradiation 
times varied from 20 min to 2 hr. 


B. Preparation of Target Solutions 


The target foil or powdered compound was dissolved 
in the appropriate acid and diluted to volume. Care 
was taken in the solution of each target to ensure the 
retention of the radioactivity. Cases in which extra 
care was needed are noted. 


(1) Copper may be lost from target solutions where 
fluoride is present such as the case of tantalum dissolved 
in a mixture of conc HNO, and HF or thorium dissolved 
in conc HNO, and a crystal of KF. In these cases the 
targets were dissolved quickly, aliquots were added to 
copper carrier, and the mixture boiled to expedite 
interchange. 

(2) Bromine may be lost as Br, from the solution by 
volatilization when the target is dissolved in an oxi- 
dizing medium. The bromine may be retained by 
dissolving in a closed system and sweeping the gases 
through a solution of NaOH containing bromide carrier. 
It was shown that about 60 percent of the bromine 
activity was found in the NaOH solution when targets 
were dissolved in aqua regia or conc HNO3. 

(3) Silver in tracer quantity may be lost by adsorp- 
tion on walls, dust, etc., when a target is dissolved in a 
solution containing chloride ion. Irradiated gold foils 
dissolved in aqua regia gave erratic results for silver. 
More consistent results were achieved by dissolving 
the target in aqua regia, and diluting to volume with 
conc HCl. 


In general, the targets were dissolved soon after the 
irradiations and all aliquots of a target solution were 
added to the appropriate carriers and shaken before 
the chemical separations were started. 

The 1-mil aluminum monitors were dissolved sepa- 
rately in HCl and diluted to 25 ml with water. Several 
0.1-ml aliquots were taken from each solution, evapo- 
rated on 1-mil aluminum over an area of 2 cm’, and 
mounted on a cardboard card, similar to the fission- 
product samples. 
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C. Chemical Procedures, Sample Preparation, 
and Counting Techniques 


The chemistry used in isolating the samples was 
adapted mainly from procedures of the Plutonium 
Project’ and Meinke.* For each element, an aliquot of 
the active solution in either nitric or hydrochloric acid 
was added to 10 to 20 mg of carrier and the appropriate 
chemistry was performed. The essentials of the chemical 
operations are given in the Appendix. 

Final precipitates of all samples were transferred by 
suction to Whatman No. 42 paper over 2-cm? area 
using a chimney-Hirsch funnel apparatus. The precipi- 
tates were mounted on cardboard cards and covered 
with cellophane of 2.6-mg/cm? thickness. Counting 
was done with end-window Geiger or methane-flow 
proportional counters. The nuclides were identified by 
half-life determination and absorption measurements. 
Cross sections were calculated from the measured 
radioactivity by correction for chemical yield, dead- 
time losses of the counter, irradiation time, external 
absorption by the cellophane, air, and counter window, 
self-scattering, self-absorption, and backscattering,’ and 
the branching ratio for beta decay. The fission-product 
samples and the Na™ monitors were counted under the 
same geometry conditions. The cross sections for the 
fission products were calculated from the previously 
measured cross section”® of (10.8+0.5) mb at 450 Mev 
for the formation of Na™* from aluminum by the 
reaction Al*’(p,3pn)Na™, 


D. Nuclides Identified 


The nuclides of each element were identified by 
comparison of the observed properties with literature 
values." For a given element, it was noted that in 
general the lighter isotopes increased in yield relative 
to the heavier ones as the atomic number of the target 
decreased. Following is a list of the elements studied 
and the pertinent data on the observed radioactive 
nuclides. Not in all cases where identification of a 
nuclide was made was it possible to determine the 
cross section for formation of the nuclide. 

Iron: All samples yielded the 46-day Fe® isotope. 

Nickel: 2.5-hr Ni® and 56-hr Ni® were identified in 
all samples. A small but increasing yield of 37-hr Ni’ 
appeared in targets of lower atomic number. 


7 Radiochemical Studies: The Fission Products (McGraw-Hill 
Book Company, Inc., New York, 1951), selected papers of Part 
VI, National Nuclear Energy Series, Plutonium Project Record, 
Div. IV, Vol. 9. 

*W. Meinke, University of California Radiation Laboratory 
Report, UCRL 432, 1949 (unpublished). 

* Engelkemeir, Seiler, Steinberg, and Winsberg, Radiochemical 
Studies: The Fission Products (McGraw-Hill Book Company, Inc., 
New York, 1951), National Nuclear Energy Series, Plutonium 
Project Record Div. IV, Vol. 9, Paper No. 4; Engelkemeir, 
Seiler, Steinberg, Winsberg, and Novey, Paper No. 5. 

” L. Marquez, Phys. Rev. 86, 405 (1952). 

" Way, Fano, Scott, and Thew, National Bureau of Standards 
Circular No. 499 and Supplements (U. S. Government Printing 
Office, Washington, D. e. 1950); Hollander, Perlman, and 
Seaborg, Revs. Modern Phys. 25, 469 (1953). 
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Copper: The isotopes 3.3-hr Cu™, 12.8-hr Cu“, and 
61-hr Cu® were found in copper samples of all targets. 

Arsenic: In all arsenic samples, the 17.5-day As", 
26.8-hr As™® (+25.8-hr As”), and 40-hr As” isotopes 
were present. In the higher atomic number targets, 
the 90-min As** could be identified. To determine the 
separate yields of As” and As”*, the arsenic samples 
were counted between the pole faces of a strong magnet 
around which an end-window counter could be rotated. 
At +90° and —90° from the vertical, 8* radiation and 
8- radiation, respectively, could be separately counted. 
Since the energies of the beta radiation of As” and As”® 
are about the same, it was assumed that the counting 
efficiencies were the same, and that the same fraction 
of the energy spectrum entered the counter at +90° 
and —90°. The ratio of the yield of 25.8-hr As” to 
that of 26.8-hr As’*® was found to be 0.8 for holmium, 
0.79 for tantalum, 0.53 for rhenium, 0.25 for gold, 
0.11 for bismuth, and 0.061 for thorium. 

Bromine: In all samples, the 4.4-hr Br®™, 35.5-hr 
Br®, and 2.3-hr Br® isotopes were found. A cross 
section for 16-hr Br’® was obtained in holmium. 

Rubidium: All targets yielded the shielded isotope 
19.5-day Rb*. 

Strontium: The 25.5-day Sr® reported during this 
work” and characterized previously by Castner" and 
the 54-day Sr® were present in all samples. The yield 
of ~30-yr'* Sr® was obtained through the isolation of 
its 65-hr Y* daughter from old strontium samples. 

Zirconium: The 17-hr Zr’ and 65-day Zr® isotopes 
were identified in the higher atomic number targets. 
In the lower atomic number targets the increased yield 
of 85-day Zr**, with its 104-day daughter, made accurate 
identification of 65-day Zr** impossible. 

Niobium: The 23-hr Nb* and 35-day Nb*® isotopes 
were identified in the higher atomic number targets, 
but, again, long-lived isotopes or impurities made 
positive identification of 35-day Nb” from the lower 
atomic number targets impossible. 

Molybdenum: The 67-hr Mo” was found in all 
samples. 

Palladium: The 14-hr Pd was present in all samples. 
The higher atomic number targets yielded the 21-hr 
Pd'” and the lower atomic number targets gave the 
40-day Pd™ and the 17-day Pd™ isotopes. 

Silver: All samples contained 7.5-day Ag™, 3.2-hr 
Ag'®, and 5.3-hr Ag™. Samples of silver separated 
immediately after irradiation afforded a measure of the 
independent yield of Ag"®. Lower atomic number 
targets yielded the 8.5-day Ag isotope which decays 
by orbital electron capture. 

Cadmium: All samples contained the isomers 43-day 
Cd"5" and 54-hr Cd"*, The yield of Cd"* was corrected 
for the In"*™ daughter which decays 5 percent by 

#2 P. Kruger and N. Sugarman, Phys. Rev. 90, 158 (1953). 


4S, Castner, Phys. Rev. 88, 1126 (1952). 
4G. Reed, Phys. Rev. 98, 1327 (1955). 
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8 emission and 95 percent by isomeric transition,” 49 
percent converted." The isotopes 7-hr Cd’ and 470-day 
Cd™ were observed in lower atomic number targets. 

Cesium: The shielded isotope 13-day Cs" was ob- 
tainable only from thorium. Samples from the other 
targets yielded only the neutron deficient isotope 31-hr 
Co™, 


Ill. RESULTS 


The cross section for each nuclide from a given target 
was determined by measuring the radioactivity of the 
isolated nuclide, correcting for scattering, absorption, 
etc., and comparing the corrected saturation activity 
with that of Na™ in the monitor foils. The results of 
these measurements are given in Table I, where the 
values listed are averages of from one to eight inde- 
pendent determinations (the number of determinations 
is given in parentheses next to the measured cross 
sections). Where several determinations of the same 
cross section were made, the average deviation was 
about 15 percent. Also given in Table I is the classifi- 
cation of the yield as cumulative, C (including decay 
of precursors), or independent, /, for shielded nuclides. 

An examination of the results given in Table I leads 
to several conclusions. (1) A general trend of decreasing 
cross section with decreasing atomic number of the 
target is noted. This is expected from the reported 
decrease in fission cross section with decreasing atomic 
number. The cross sections of the neutron excessive 
fission products of mass number about 100, e.g., Sr®, 
Mo”, Ag", decrease by a factor of about 1000 in going 
from thorium to holmium, and even those of nuclides 
of mass numbers in the range 70 to 80, unless very 
neutron deficient, decrease by a factor of 10 to 100. 
(2) The cross sections for the assorted nuclides measured 
differ by a factor of about 300 in thorium, but by only 
a factor of about 10 in holmium. (3) For any given 
mass range, the decrease in cross section is greater for 
the more neutron excessive nuclides. In fact, the yields 
of nuclides closer to stability, e.g., As“, Br®", Rb®, 
actually increase somewhat in going from thorium to 
bismuth, then decrease more slowly with decreasing 
atomic number than the neutron excessive nuclides. 
(4) For the same degree of neutron excessiveness, the 
cross sections of the nuclides of low mass number (60 
to 70) decrease much less than those of mass number 
about 100. (5) The cross sections of the neutron 
deficient nuclides of low mass number (60 to 70) show 
very little over-all change with atomic number of target. 

The cross sections of some selected nuclides, Cu”, 
Cu, As™, Rb**, Sr®, and Pd™, are plotted in Fig. 1. 
The numbers in parentheses adjacent to the nuclides 
are the values of Z,4—Z, a measure of the neutron 
excessiveness or deficiency of the nuclides. The values 
of Z,4 used are those of Coryell."* In comparing the 
extreme cases of Pd! (Z,—Z=+1.3) and Cu® (Z4—-Z 


~ 6 Langer, Moffat, and Graves, Phys. Rev. 86, 632 (1952). 
*C. D. Coryell, Ann. Rev. Nuc. Sc. 2, 305 (1953). 








1462 P. KRUGER AN 


Tas e I. Cross sections of fissio 
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n-product nuclides (in millibarns).* 


Au Ke Ta Ho 
0.16 (5 0.082 (2) 0.062 (2) 0.032 (2) 
0.32 (1) 0.14 (2) 0.088 (1) 0.021 (1) 
0.21 (1) 0.081 (2) 0.048 (1) 0.012 (2) 

0.013 (1) 0.0047 (1) 0.044 (2) 
0.28 (2) 0.15 (4) 0.11 (4) 0.087 (2) 
0.44 (6) 0.18 (4) 0.11 (4) 0.027 (2) 
0.35 (1) 0.200 (3 0.04 (1 0.047 (1) 
1.2 (1) 0.34 (3) 0.055 (1) 0.064 (1) 
14 (1) 0.38 (3) 0.056 (1) 0.059 (1) 
1.6 (1 0.46 (3) 0.062 (1 0.10 (1) 
0.0082 (1) 
1.1 (1) 0.55 (1) 0.057 (1) 
0.78 (3) 0.21 (1) 0.019 (1) 
0.74 (1) 0.15 (1) 0.013 (1) 
0.89 (1) 0.37 (1) 0.076 (1) 0.023 (1) 
0.068 (1) 0.029 (3 0.0034 (1) 
1.2 (5 0.22 (4 0.087 (4 0.029 (2) 
0.73 (2 
0.98 (5) 0.14 (2) 0.056 (3) 0.027 (2) 
0.34 (1 0.061 (4) 0.021 (3) 0.028 (2) 
0.52 (1) 0.054 (3) 0.024 (3 
0.21 (1) 0.022 (1) 0.0086 (1 
0.091 (1) 0.011 (1) 0.0037 (1) 
O11 (3 0.012 (3) 0.0044 (3 0.0079 (2) 
0.042 (3) 0.0041 (3) 0.0016 (3 0.0145 (2) 


he Vield type* Th B 

Fe* ( 03 (2 0.23 (7 
Ni** ( 0.59 (2 00 (1 
Ni*™ ( 063 Q 046 fi 
Cu® ( 0.091° (1 
Cu* I O11 (1 0.29 (2 
Cu” ( 0.89 (1 0.68 (7 
A<” ] 0.13¢ (2 0.36 (2 
As’ I 047 (Q 1.2 (2 
As” / 2.2 (2 3.2 (2 
As”? ( as 4.5 (2 
Br” ( 
Br" I 0.97 (1 2.0 (1 
Br®™ / 14 fl 1.7 (1 
Br® ( 44 (1 1.3 (1 
Rb” I mm 41 (1 
Sr™ ( 0.16 (2 
Sr™ ( 15 (2 54 (8 
Sr” ( 7.2° (1 38 863 
Zr* ( 14 (1 
Zr ( 19 (1 
Nb* I 19 (1 
Nb** I 3.7¢ (1 
Mo” ( 27 (2 5.8 (6 
Pd i 24 (2 4.1 al 
Ag’! ( 26 (2 3.9 2 
Ag"? I st @ 1.3 (1 
Ag'™ ( 16 (2 1.8 (1 
Cd's | 78 (2 1.0 (2 
ca" ( 15 (2 0.61 (2 
Cs I ia 

* Numbers in parenthe epresent number of independent determinations 

( mulative (ir ecay of precursors); / «independent, for s 

* Uncertainti large ¢ 30 percent error quoted in text 

0.3), we note the exaggerated effects of the trends 


mentioned earlier. 

The errors in the cross sections are rather difficult 
to determine because of the large number of individual 
correction factors applied to each measured activity. 
The activity of the longest-lived isotope of each element 
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was obtained by counting to within 1 percent standard 
error. The activity of the shortest-lived isotope of an 
element, in the cases where three periods were present, 
such as Cu", As” and As’*, Br®™ and Ag! may have 
errors as large as 10 to 20 percent. In the case of the 
mixture As” and As’*, where the percentage of each 
was determined by magnetic deflection, the yield of 
As’ is the more reliable one since its abundance ranged 
from 56 percent in holmium to 94 percent in thorium. 
The half-lives used for correcting the activities differed 
at most by a few percent from published values and 
may introduce a few percent error in the cross sections. 
The error introduced by the aluminum monitor foils 
may be as high as 10 percent in those cases in which the 
foils differed by 40 to 50 percent, aside from the error 
in the cross section for production of Na*. The correc- 
tion factors for absorption and scattering of nuclides 
decaying by beta emission of low energy, e.g., Fe®, 
0.26 Mev; Br™, 0.47 Mev; Zr®, 0.37 Mev; and Nb*, 
0.16 Mev, were large, from 1.2 to 1.9, and varied 
considerably depending on the sample weight. In these 
cases, the method of measuring cross sections by com- 
parison to Na® is distinctly less reliable. Where orbital 
decay occurred in part, e.g., Cu®, Cu™, and Br®, it 
was assumed that the counting efficiency for the 
orbital capture was negligible. In all, it is expected 
that most of the reported cross sections may be in 
error by as much as 30 percent. 

In addition to the items mentioned above, there 
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TaBLe IT. Calculated mass yields for thorium, bismuth, gold, rhenium, tantalum, and holmium. Z, is the most probable charge 











Thorium Bismuth Gold Rhenium Tantalum Holmium 
Frac- Mass Frac- Mass Frac- Mass Frac- Mass Frac- Mass Frac- Mass 
: tion of yield, tion of yield, tion of yield, tion of yield, tion of yield, tion of yield, 
q Z Zp =yield mb Zp yield mb Z» yield mb Zp yield mb Zp =e mb Zp «yield mb 
59 26 25.0 0.950 0.31 26.1 0.659 0.35 26.0 0.700 0.23 26.0 0.700 0.12 26.0 0.700 0.089 270 0.300 O11 
65 28 274 0.880 0.67 28.5 0.493 1.2 28.5 0493 0.66 28.5 0493 0.28 28.5 0493 0.18 29.3 0.198 O10 
66 28 27.8 0.760 0.83 29.0 0.300 1.5 29.0 0.300 0.70 29.0 0.300 0.27 29.0 0.300 0.16 29.7 0.098 0.13 
61 29 270 0.050 1.8 26.9 0.038 0.33 26.9 0.038 0.12 279 0.263 O17 
64 29 27.1 0.062 1.8 28.2 0.292 0.98 28.2 0.292 0.96 28.1 0.270 0.57 28.3 O.315 0.35 29.0 0400 0.22 
67 29 28.3 0.900 0.99 29.3 0.877 1.2 294 0.536 0.82 29.3 OS77 O31 29.4 0.536 0.20 30.2 0.228 0.12 
72 33 305 0010 1% 31.5 0.134 2.7 31.5 0.134 246 315 O134 15 31.5 O1384 O.33 32.0 0.250 0.19 
74 33 31.3 0.095 4.9 32.3 0.315 3.8 324 0.344 3.5 32.3 O315 1.1 32.2 0.292 O19 32.7 0.379 0.17 
7 33 32.1 0.270 8.2 33.0 0.400 8.1 33.1 0.996 36 33.1 0.396 0.97 33.2 0.389 0.14 33.4 0.366 0.16 
77 33 32.5 0.840 6.2 33.4 0.536 8.4 33.5 0493 3.3 33.5 0493 0.94 33.6 O458 O14 33.8 0.370 0.28 
76 35 33.4 0.114 0.073 
80" 35 33.6 0.156 6.2 34.7 0.379 54 34.7 0.379 3.0 34.8 0.389 14 35.0 0400 0.14 
82 35 344 0.344 4.2 35.6 0.344 ad 35.7 O.315 2.5 356 0.344 062 38.8 0.292 0.064 
83 35 349 0.730 6.1 36.0 0.300 4.2 3%.1 0.263 28 36.0 0.300 0.49 36.1 0.263 0.048 
86 37 36.1 0.272 12 37.1 0.396 10 374 0.366 24 37.3 0.379 10 37.4 0.366 0.21 37.2 0.389 0.060 
82 38 35.6 0.014 11 35.7 0020 34 356 0014 2.0 35.8 0.028 0.12 
89 38 37.5 0.840 18 38.3 0.577 94 38.6 O45S8 2.46 38.5 0493 O45 38.6 OA4S8& O19 38.3 0.577 0.050 
90 38 37.9 0.730 9.9% 38.8 0.370 10 391 0.263 28 
95 40 398 0.760 18 
97 40 40.7 O410 46 
95 41 39.8 0.200 oS 
Ow 41 40.3 O.315 12 
99 42 416 0820 32 424 0.536 11 42.7 0410 24 42.7 OA10 0.39 42.7 O410 O14 42.2 O617 0.044 
109 46 45.7 0.780 30 46.3 0.577 7.1 469 0.332 10 46.8 0.370 O17 46.8 0.370 0.056 45.8 0.760 0,037 
111 47 466 0820 32 47.1 0.659 6.0 476 OASB 11 47.7 O410 O13 47.7 0410 0.059 
112 47 47.1 0.396 13 47.6 0.344 40 48.1 0.225 0.92 48.1 0.225 0.097 48.2 0.200 0.043 
113 47 474 O53%6 31 47.9 0.332 54 48.5 0.143 0.64 48.5 0.143 0.073 48.5 0.143 0.026 
15" 48 48.2 0.389 20 48.7 0.315 3.2 49.3 0.170 06.65 94 0.156 0.078 49.3 0.170 0.026 48.1 0.396 0.020 
115 48 48.2 0617 24 48.7 0.410 1.5 49.3 0.198 0.21 494 0170 0.024 49.3 0.198 0.0081 48.1 0.659 0.021 
136 55 56.7 0.095 14 


* Uncertainties larger than the 30 percent error quoted in text 


were other sources of error in some individual cases. 
The independent yield of 18-min Br® was not measured 
because of the time elapsed between the end of the 
irradiation and the isolation of bromine. The yield of 
Br™ reported here is, then, that of the 4.5-hr Br®" 
isomer counted via the 18-min Br® in equilibrium with 
it. The yield of Sr is measured by attributing the 
observed radioactivity to the 76-sec Rb™ daughter. 
The yield of Sr® was obtained by isolation and counting 
of the 65-hr Y*® daughter. 


IV. DISCUSSION 
A. Analysis of Results 


The results listed in Table I were analyzed in order 
to determine the general characteristics of high-energy 
fission, such as the shape of the fission yield-mass 
number curve for each target element, the fission cross 
section as a function of atomic number of the target, 
and the excitation energy for the fission process. 

The data were treated by a contour-mapping meth- 
od®.!78 in which contour lines were drawn connecting 
points of equal cross section on a proton-neutron plot 
of the measured nuclides. The curve connecting the 





17W. J. Worthington, University of California Radiation 
Laboratory Report, UCRL 1627, January 8, 1952 (unpublished). 

8 P. K. Kofstad, University of California Radiation Laboratory 
Report, UCRL 2265, June 30, 1953 (unpublished). 


vertices of the contour diagrams determines the nuclide 
having the maximum yield for each mass number and, 
thus, the most probable neutron to proton ratio for 
each mass number. The center of the contour diagram 
represents the most probable fission product, from 
which the loss in mass and charge of the target nucleus 
undergoing fission can be determined. Since no distinc- 
tion was made in this part of the analysis between 
nuclides whose yields are cumulative and those formed 
independently, the most probable neutron to proton 
ratio so obtained does not quite represent primary 
fission fragments, but lies closer to stability, because 
of the higher yield of a cumulative product than that 
corresponding to direct formation. The over-all result 
of this misrepresentation in these experiments, for the 
mass range 59 to 115, is an underestimate of the 
probability of forming neutron excessive fragments, so 
that the estimate of the mass lost (mostly neutrons) in 
fission is probably too high. The largest error from this 
source is made in the case of thorium and will be 
discussed later. 

The values of the most probable charge, Z,, for the 
mass numbers studied in the various targets, as deter- 
mined from the contour diagram analysis, are given in 
the third, sixth, etc., columns of Table II. The first 
and second columns give the mass number, A, and 
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Fic. 2. Values of 
Z, for selected mass 
numbers from A =59 
to A=115 for the 
target nuclei hol- 
mium to thorium 
The Za values at 
these mass numbers 
are also given 
(dashed lines) 


The 


or deficiency of the most probable primary fragment of 


charge, Z, of the nuclide studied. neutron excess 
mass number A is determined by the difference between 
Z, and Z,. Figure 2 presents a plot of Z, values for 
and of Z4 
sponding to the chosen mass numbers. For thorium, 
the difference, Za Z 


bismuth, 


some selected masses, the values'® corre- 


p, is about +1.5 charge units, for 


rhenium, and tantalum, about +0.5 
about 0.2 


+1.5 charge units for the 


gold 
goid, 


charge unit, and for holmium charge 
unit for light masses and 
heavier masses. Thus, the most probable primary 
products from thorium to tantalum are all neutron 
excessive in the mass-number range 59 to 115, whereas 
those from holmium are slightly neutron-deficient for 
light masses, and neutron-excessive for heavy masses 
The total yield for a mass number from a given 
target is obtained by summing the individual cross 
sections of all isobaric nuclides, including estimates for 
stable or undetermined ones. Biller® determined cross 
sections for 63 nuclides from the fission. of bismuth 
340-Mev 


plotting histograms of yield vs charge for isobaric nuclei 


with protons and analyzed his data by 
including interpolated values for unmeasured species. 
In the work reported here, the spacing of the contour 
diagrams was not determined accurately enough for a 
detailed description of the charge distribution, since 
30 nuclides were measured in all, and of 
However, it was noted 
that most of the contour diagrams, as drawn, were 


only some 


these very few were isobaric. 


consistent with a constant charge distribution, inde- 
pendent of This 
analysis of the problem is similar to that used by 
the thermal 
neutron fission of U™*. The charge distribution curve 


mass number or target nucleus 


Glendenin, Coryell, and Edwards" for 


best representing the results of the experiments reported 
here is one in which the fractional yield for the most 
probable charge (Z,) is 0.4, decreasing symmetrically 


for positive and negative values of Z—Z, to 0.36, 0.25, 


% Glendenin, Coryell, and Edwards, Radiochemical Studies: 
The Fission Producis (McGraw-Hill Book Company, Inc., New 
York, 1951), Paper No. 52, National Nuclear Energy Series, Plu- 
tonium Project Record Div. IV, Vol. 9 
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0.134, 0.05, and 0.01 for |Z—Z,| equal to 0.5, 1.0, 1.5, 
2.0, and 2.5, respectively. This charge distribution 
curve is somewhat broader than that” for the thermal 
neutron fission of U*®, 

The cross section for a given mass number is calcu- 
lated from the observed cross section given in Table I 
by correction for the fractional yield corresponding to 
the measured nuclide from the assumed yield vs charge 
distribution curve. The data and results are given in 
Table II where the fraction of yield is the fractional 
yield according to whether the nuclide studied repre- 
sents a cumulative or independent product, and the 
mass yield is the full cross section for the mass number, 
obtained by dividing the cross section of a nuclide as 
given in Table I by its fractional yield. A plot of mass 
yield vs mass number for the target elements holmium 
to thorium is given in Fig. 3. The open symbols repre- 
sent mass yields for independently formed nuclides and 
the filled-in symbols mass yield for cumulatively formed 
nuclides. Although the agreement between the calcu- 
lated mass yields and the smooth curves drawn in Fig. 
3 is by no means ideal, with disagreements in individual 
cases as high as a factor of 2 or 3, the general shape and 











MASS NUMBER 


Fic. 3. Mass yield 2s mass number curves for thorium, bismuth, 
gold, rhenium, tantalum, and holmium. Filled-in symbols repre- 
sent yields calculated for cumulative products; open symbols 
represent yields calculated for independent products. Circles— 
Th; squares—Bi; diamonds—Au; triangles a A—Re; triangles 
wv —Ta; ovals—Ho. Ordinate values of the yields appear 
alternately on the left and right. 
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trend of the yield curves are reasonably well defined. 
The average discrepancies between the points and the 
smooth curves do not seem excessive in view of the 
sources of error contributing to the differences, namely, 
the experimental errors in the cross-section determi- 
nations, the errors in the Z, values chosen from the 
contour diagrams, and the errors inherent in the choice 
of a universal charge distribution curve. 

The yield curves of Fig. 3 were drawn with maxima 
at the mass for the most probable mass number as 
determined from the contour diagrams and given in 
Table III. If the nuclear process responsible for the 
formation of the elements in the mass range 60 to 115 
is a fission process, then the integral under the sym- 
metrical curve around the peak is equal to twice the 
total fission cross section. The results of this calculation, 
as well as summary results of the contour diagram 
analysis on the “fissioning nucleus,’’ assuming mass 
degradation prior to fission,®* are given in Table III. 
The fission cross section is seen to decrease from 0.67 b 
for thorium to ~0.002 b for holmium. The probable 
error estimated in the fission cross section is about 30 
percent for the elements thorium to tantalum, and 
could be as high as a factor of 2 for holmium. 

Recent radiochemical investigations on the fission of 
uranium,” bismuth,® and tantalum™ with 340-Mev 
protons have been reported and the results may be 
compared to those given in Table IIT. In general, the 
agreement is good if one makes allowances for the 
proton energy difference. For example, Biller® reports 
a loss of 2 protons and 18 neutrons in bismuth with 
340-Mev protons, compared to 4 protons and 20 neu- 
trons given here, and a cross section of 0.24 b compared 
to 0.21 b. Nervick and Seaborg,” in their proton 
bombardment of tantalum with 340-Mev protons, 
report 16 particles lost in fission including 2 or 3 
protons, compared to 21 particles including 4 protons. 
The cross section for fission given by Nervick and 
Seaborg is 0.0041 b compared to 0.0050 b. The apparent 
increase in the neutron to proton ratio of the most 
probable products with increasing charge is perhaps the 
major difference between the results on bismuth and 
tantalum of Table III and those of Biller* and Nervick 
and Seaborg,” who observed an almost constant neutron 
to proton ratio. The sharp decline in fission cross section 
at 450 Mev with decreasing atomic number is similar to 
that reported by Kelly and Wiegand’ and Jungerman‘ 
at lower energy, although the cross section for thorium‘ 
at 340 Mev is about 40 percent lower than that reported 
in Table III at 450 Mev, and those for gold and bis- 
muth* at 340 Mev are about three-fold lower. The 
variation of the cross section with energy for gold‘ and 
bismuth‘ is too small to account for the difference in 
cross section reported at 340 Mev and 450 Mev. 


*® M. Lindner and R. N. Osborne, Phys. Rev. 94, 1323 (1954). 

% W. E. Nervick and G. T. Seaborg, Phys. Rev. 97, 1092 (1955). 

"1. G. Jodra and N. Sugarman, following paper [Phys. Rev. 
99, 1470 (1955) }. 


TaBLe IIT. Summary of results of fission enna, 





= —- nAu® Re? 


uTa™ eo 


43.585 408 


oe ark re? slg’ = eOs!"* rife nYd@ = «Gd 


Target 


reaction PAplin pAplOn pApl9n pAplin pAplin pApl8n 


” 'p ratio of 
“fissioning 1.38 1.32 1.30 1.30 1.30 1.25 
nucleus™ 
Most prob- 
able n/p 
ratio at 
Z=25 
Z =35 1.37 
Z=45 1,38 


Fission cross 
section, barns 0.67 


B. Discussion of the Fission Process 


The fission cross section for holmium represents about 
one-thousandth of the reaction cross section of holmium 
with 450-Mev protons, whereas for bismuth the ratio 
is about one-tenth. Inasmuch as the interaction of the 
primary proton with either nucleus by the cascade 
process,” followed by evaporation from the residual 
excited nucleus” is not expected to differ too much, 
the loss in fissionability for the lighter elements must 
represent poorer competition for the fission reaction 
compared to the other possible reactions. The fact 
that the fission reaction in bismuth and the elements of 
lower atomic number competes more favorably the 
higher the bombarding particle energy,’ for particle 
energies in excess of 50 Mev, whereas for the fissionable 
elements uranium and thorium the fission cross section 
is roughly constant with energy, implies a considerably 
higher excitation energy to produce fission in the 
elements of lower atomic number. Goeckermann and 
Perlman’ postulated that the fission of bismuth with 
190-Mev deuterons occurred after the evaporation of 
12 neutrons from the excited Po* nucleus formed from 
the interaction of Bi® and deuterons. The resultant 
nucleus, Po™, being of lower neutron-to-proton ratio, 
is expected to be more fissionable than the original 
target nucleus. The radiochemical observations on the 
neutron-to-proton ratio of the fission products, and the 
need for particle energies far in excess of the calculated 
fission threshold for bismuth were nicely explained by 
this hypothesis. The results of energy measurements” 
of the high-energy fission fragments of uranium, 


™R. Serber, Phys. Rev.72, 1114 (1947); M. L. Goldberger, 
Phys. Rev. 74, 1269 (1948); Bernardini, Booth, and Lindenbaum, 
Phys. Rev. 85, 826 (1952). 

™ J. M. Blatt and V. F. Weissk eg Nuclear Physics 
John Wiley and Sons, Inc., New rork, 1 52). 
. Jungerman and S. ol Wright, sy Rev. 76, 1112 (1949). 
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thorium, and bismuth, and of range measurements” of 
the high-energy fission fragments of uranium are in 
accord with the postulate of fission occurring after 
mass degradation, but as will be seen later, these 
experiments do not distinguish well between mass 
degradation before fission or after fission. 

The selection of a fissioning nucleus for each target 
nucleus may be made from a determination of the most 
probable fission product found by the contour analysis 
method. The minimum energy required to produce the 
fissioning nucleus with 450-Mev protons can be calcu- 
lated from evaporation theory” and calculated masses** 
and is found to be 330 Mev for thorium, 320 Mev for 
bismuth, 315 Mev for gold, 295 Mev for rhenium, 
300 Mev for tantalum, and 340 Mev for holmium. For 
the lighter elements whose fission excitation functions 
appear to be steep, at least at energies up to 90 Mev,’ 
the choice of one fissioning nucleus is probably not too 
bad an approximation. However, in the case of thorium, 
where the fission cross section is almost constant with 
energy, the contribution to the fission cross section per 
interaction from collisions involving low excitation 
energy will be as important as those involving high 
excitation energy. In this case, the most probable 
fissioning nucleus should be the one resulting from the 
most probable energy deposition™ of about 100 Mev. 
The case of bismuth should be somewhat beween that 
of thorium and the lighter elements, in that the cross 
section from 200 to 450 Mev of bombarding proton 
energy increases only two-fold.” The distortion of the 
yield pattern of the primary fission fragments, as 
mentioned earlier in Sec. 4A, results from the contour 
analysis in which the cumulative and independent 
yields were plotted on the same diagram and lines of 
equal cross section were drawn. It is expected that 
conclusions drawn relative to the fissioning nucleus are 
most incorrect for thorium, weighted toward neutron 
deficiency which implies more energy deposited for the 
average fission, such that the calculated value is 330 
Mev compared to the expected value” of about 100 
Mev, and are probably not too bad an interpretation 
of the results for the lighter elements. 

The probability for fission for a given fissioning 
nucleus may be related to the difference in energy 
the threshold, E,, and 
binding energy, E,. This treatment is similar to that 
made by Seaborg™ in the correlation of the relative 
probability of fission and y-ray emission in the irradi- 
ation of heavy elements with slow neutrons. Fission 


between fission the neutron 


threshold calculations made from the formula of Hill 


“EM 
(1954) 

" P. Morrison, Experimenial Nuclear Physics (John Wiley and 
Sons, Inc., New York, 1953), Vol. II, p. 173 

* N. Metropolis and G. Reitwiesner, “Table of Atomic Masses,” 
U.S. Atomic Energy Commission Report NP-1980, 1950 (unpub 
lished) 

™ McManus, Sharp, and Gellman, Phys. Rev. 93, 924 (1954). 

* G. T. Seaborg, Phys. Rev. 88, 1429 (1952). 


Douthett and D. H. Templeton, Phys. Rev. 94, 128 
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Taste IV. Comparison of calculated fission thresholds 
with neutron binding energies. 





Neutron 
binding 
energy. 
E., Mev 


Fission 
cross- 
section, 
barns 


Fission 
threshold, 


Fissioning ; 
Er, Mev 


nucleus 


Fr 

soHg'** 
reOs'75 
Hf 
7Y bi# 


«Gd 


Target 
nucleus 


sol h™ 
ssBi™ 
npAu”? 
Re? 
nTa™ 
«7Ho'** 


E.-E; 
+5.2 
+3.3 
—04 
—3.1 
—6.6 

—10.9 


0.67 8.8 3.6 
0.21 

0.061 

0.019 


and Wheeler* and neutron binding energies calculated 
from the Metropolis and Reitwiesner® masses are given 
in Table IV, where it is seen that E, of the fissioning 
nucleus does not change appreciably in comparison 
with the large increase in E, with decreasing atomic 
number. 

Allowing for a spread in the charge of the fissioning 
nucleus by one unit, and the associated spread in 
E,,— E; from this effect (most of this spread is in Ey), 
it is found that the fission cross section, o,, depends 
exponentially on E,—£,, and is given by the equation 


0 = 0.078 A Ea BD), 


The low fission cross section of the lighter elements 
may then be ascribed to the poor competition between 
the fission process and neutron evaporation when £, is 
much higher than E,, inasmuch as the energy required 
to achieve the observed fissioning nucleus is almost 
constant for all target nuclei, and the energy deposition 
spectrum is not expected to change much from holmium 
to bismuth. In the case of tantalum and 340-Mev 
protons,” for example, it was shown that less than 1 
percent of the interactions involving energy transfer to 
the struck nucleus in excess of that necessary to achieve 
the fissioning nucleus results in fission. 

A much steeper dependence of the fission cross 
section on E,—£, is seen in the photofission data of 
Huizenga, Gindler, and Duffield® on U**, Th™, and 
Np”? with 8-Mev photons where the two competing 
processes are fission and neutron emission. Also, the 
data on the dependence of the fission cross section of 
bismuth on proton energy,” when analyzed in the same 
way as the data of this paper, show a steeper dependence 
on E,—E,. This is borne out if one notes that the cross 
section of gold with 450 Mev protons of 0.061 b is about 
the same as that for bismuth with 120-Mev protons,” 
whereas the value of E,— Ey, in the two cases is —0.4 
Mev and +2.1 Mev, respectively. 

An alternate explanation of the high energy results is 
the one in which fission precedes de-excitation of the 
target nucleus. None of the conclusions reported here, 
or from the other radiochemical studies,** would be 
altered significantly by this interpretation, nor would 
the results on the energy” or range*® of fission fragments 


" D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953). 
® Huizenga, Gindler, and Duffield, Phys. Rev. 95, 1009 (1954). 
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be less understandable. The term “fissioning nucleus” 
would now have little significance except as a measure 
of the overall change in mass and charge of the target 
nucleus. The energy required to effect the observed 
change by loss of particles from two fragments would 
be somewhat less. The competition of fission with 
de-excitation by other processes would be best at the 
highest excitation energy before the emission of particles 

-corresponding to the lowest Z*/A4—and would become 
progessively poorer as the nucleus lost energy, in 
contradistinction to the postulate discussed earlier 
where the fissionability increased as neutrons were lost 
and the Z*/A parameter became larger. In either case, 
the fission products observed would be the sum of all 
interaction processes in which varying amounts of 
energy are deposited, and only in those cases of steep 
fission excitation functions would the fission products 
be representative of a fairly unique fission energy. 


C. Fragmentation, Another Competing Process 


The assignment of the radioactive nuclides formed in 
the mass range 59 to 115 to products of a fission process 
in which most of the mass of the target nucleus is 
present in two complementary fragments of the same 
yield seems secure in those cases where the yield-mass 
curve shows a pronounced hump at about half the 
mass of the target nucleus. In this case, the yield-mass 
curve decreases to a minimum value in the spallation 
region as the mass number decreases, then rises again 
sharply because of the onset of contribution from the 
fission process. The ratio of the peak yield of the hump 
to the yield at the minimum in the yield-mass curve 
is about 1000 for uranium and bismuth,” so that the 
differentiation between fission products and spallation 
products is clear-cut, except where the minimum in the 
yield-mass curve occurs. In the irradiation of tantalum 
with 340-Mev protons, Nervick and Seaborg*! found 
the ratio of peak to minimum to be about 5, and 
concluded that this low ratio was more the result of an 
enhancement of highly asymmetric fission than the 
overlapping of the spallation and fission curves. 


Cross sections of nickel, copper, and molybdenum 
nuclides from various targets 


Tasie V. 


Cross section, millibarns 
Target Ni Ni* Cu Cut 


As’ 
ys 0.034 
Rh™ 0.00078 
Ago. 

In" 

y's? 0.00033 
priat 0.0011 
Ho'* 0.021 


Mo” 
0.37 0.11 13 1.0 
0.015 1.2 0.068 

0.051 0.0028 0.038 
0.085 
0.11 
0.022 
0.0059 
0.027 
0.056 
0.18 0.14 
044 0.98 
0.68 58 
0.89 27 


0.00071 
0.00025 
0.00057 0.0041 
0.013 0.087 
Ta 0.088 0.048 0.11 
Re!*&? 0.14 0.081 0.15 
Au? 0.32 0.21 0.28 
Bi™ 0.60 0.46 0.29 
Th™ 0.59 0.63 0.11 
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Fic. 4. 
number 33 (arsenic) to 90 (thorium) 


Cross sections of Ni® and Mo* in targets of atomic 
@, Mo”; g@, Ni* 


The yield curves of Fig. 3, although not covering as 
complete a mass range as that of tantalum with 340- 
Mev protons,” show the effect of “spilling-over” into 
the fission-product region on the high-mass side even 
at gold where the data indicate a not-quite symmetrical 
yield curve. The curve for holmium shows the onset of 
the minimum between the spallation and fission regions 
already at mass 110, whereas in tantalum this minimum 
occurs at about mass 130; in both cases the mass of the 
minimum is about 50 mass numbers lower than that of 
the target nucleus. In order to see if any sharp differ- 
entiation could be made between the production of a 
given nuclide by spallation or fission, several nuclides 
already studied, Ni®, Ni®*, Cu“, Cu’, and Mo™, were 
also isolated from irradiations of targets of lower atomic 
number, in which the major production process was 
expected to change from fission to spallation. Yields of 
most of the nuclides just mentioned were determined 
in praseodymium, iodine, indium, silver, rhodium, 
yttrium, and arsenic. The cross sections for production 
of these nuclides from all of the targets are given in 
Table V. A plot of the cross sections of Ni® and Mo”, 
both neutron-excessive with values of Z,—Z of about 
+-1, vs the atomic number of the target nucleus is seen 
in Fig. 4. 

It is tempting to identify the portion of the curve to 
the right of the minimum as resulting from fission, and 
that to the left from spallation. If this were true, most 
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* 380-Mev alphas. (P. R. O'Connor and G. T. Seaborg, Phys. Rev. 74, 
1189 (1948) } 

* Thermal neutrons 
Products (McGraw-Hill Book 
Nuclear Energy Series, Plutonium Project 

¢ 450-Mev protons his paper). 

437.5-Mev alphas. [A. S. Newton, Phys. Rev. 75, 17 (1949)]; 13- to 
21-Mev protons [H. A. Tewes and R.A. James, Phys. Rev. 88, 860 (1952) ); 
pile neutrons [A. Turkevich and J. B. Niday, Phys. Rev. 84, $2 (1951) ). 

© 340-Mey protons [ F. Biller, University of California Radiation 
Laboratory Report UCRL 2067, December, 1952 (unpublished) }. 

1190.Mev deuterons. (R. H. Goeckermann and |. Perlman, Phys. Rev 


[Appendix B, Radiochemical Studies: The Fission 
mpany, Inc., New York, 1951), National 
Record, Div, IV, Vol. 9] 


and G. T. Seaborg, Phys. Rev. 97, 


» 190-Me leuterons, 340-Me iphas. [M 


: and I 
Periman, Phys. Rev. 78, 499 (1950 


Lindner 


of the Mo” found in bombarded holmium should be the 
result of fission, whereas the yield curve of holmium 
(see Fig. 3) suggests additional contribution to the 
yield by processes other than fission even at masses as 
low as 99. Also, the fact that the Z, values for holmium 
are lower at the higher masses than those of tantalum, 
rhenium, and gold, whereas they are higher at the lower 
masses (see Fig. 2), again suggests the onset of another 
production process. The effect of the lowering of Z, 
at mass 115 in holmium is great enough to cause the 
ratio of the Cd" isomers to be almost the same as that 
found in thorium, indicating some “feed-in” by 8 decay. 
The possibility that the anomalous Z, behavior of 
holmium might be due to impurity of thorium in the 
holmium was investigated and it was found that as 
much as 0.1 percent thorium impurity was necessary 
to account for the observation, an amount far in 
excess of the expected thorium impurity. The ratio of 
Cd"* to Cd"*" is almost constant at a value of about 
0.37 for 450 Mev proton bombardment of gold, rhenium, 
tantalum, praseodymium, and iodine. This ratio is 
about 0.33 for high-energy deuteron and alpha-particle 
bombardment of antimony.” A summary of the Cd" 
ratio data from the work reported in this paper and 
that of others is given in Table VI. 

The observations just noted, which appear anomalous 
and in need of interpretation, are summarized. (1) High 
yields are found for the three products isolated in the 
mass range 99 to 115 from the 450-Mev proton bom- 
bardment of holmium. The effect is observed at higher 
mass numbers in tantalum.” (2) The production of 
these products appears to result from fission, if one 
interprets the cross section vs atomic number of target 
curve for Mo” (Fig. 4) as composed of spallation and 
fission contributions. (3) The relation of the most 
probable charge, Z,, for the products from holmium to 
the charge for stability, Z,4, changes from neutron 
deficiency at low masses to neutron excess at high 
masses. This effect is seen in Fig. 2 and in the ratio of 


“M_ Lindner and I. Perlman, Phys. Rev.78, 499 (1950) 
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the cross sections of the Cd"™* isomers (Table VI). The 
presence of another process in the high-energy bombard- 
ment of heavy elements, important for the production 
of products between the fission and spallation regions, 
is indicated. 

The proposed process in the heavy elements is the 
ejection in almost constant yield of fragments in the 
mass range roughly 10 to 50, with charge values close 
to the Z, values for the appropriate mass numbers. 
The difference between this process and that of “very 
asymmetric fission,” proposed®™ as the explanation of 
the tantalum data at 340 Mev, is that the fission 
process produces nuclides in highest yield with an 
almost constant neutron to proton ratio, whereas the 
fragmentation process would lead to fragments of low 
mass close to stability, and products of much higher 
mass initially neutron excessive. This process corre- 
sponds to “intermediate mechanisms between fission 
and spallation mechanisms” suggested by Kofstad."* 

Although the cross-section data on low-mass frag- 
ments from heavy elements are, at present, very 
meager, there is some evidence in support of this 
postulate. The cross sections for low-mass species are 
highest near stability, as observed in the spallation 
study of copper,** and even in silver,'* antimony,” and 
tantalum,” where the spallation yields near the target 
are highest for neutron-deficient nuclides. The cross 
section for formation of Be’ in gold®* with 340-Mev 
protons is ~0.01 mb, those of Na”, Mg**, K®, and K® 
in tantalum*™ with 340-Mev protons are 0.006, 0.0035, 
0.0066, and 0.017 mb, respectively. For lighter ele- 
ments, such as silver,'* this rough constancy in cross 
section no longer obtains. The cross section of Be’ from 
silver is about 10 times higher than that in gold, the 
cross sections of C", F'*, and Na™ are all about 0.01 
mb, and those of Mg**, Cl**, and Cl® are about 0.001 
mb, respectively. The excitation functions for these 
light fragments are very steep in copper*’ and lead** so 
that somewhat higher yields are expected at 450 Mev 
than at 340 Mev. 

The effect of the emission of fragments near stability 
in the mass range 10 to 50 with cross sections of ~0.01 
mb would be less marked in the heavier, more fissionable 
elements, like uranium, thorium, and bismuth, than 
in holmium. In bismuth, for example, the peak cross 
section in the fission-product region is about 5 mb. 
Even if fragmentation had the same yield here as in 
tantalum, the effect would show up at masses of about 
150 where the ratio of the cross section to the peak yield 


* This interpretation is an outgrowth of discussions held at 
Brookhaven National Laboratory in 1953-1954 on reactions in 
heavy elements at the Cosmotron. Participating in the discussions 
were R. B. Duffield, G. Friedlander, J. Hudis, N. Sugarman, 
A. Turkevich, and R. Wolfgang. 

* Batzel, Miller, and Seaborg, Phys. Rev. 84, 671 (1951). 

* L. Marquez and I. Perlman, Phys. Rev. 81, 953 (1951). 

* Miskel, Perlman, Friedlander, and Miller, Phys. Rev. 98, 
1197(A) (1955). 

* Baker, Caretto, Cumming, Friedlander, Hudis, and Wolfgang, 
Phys. Rey, 98, 242(A) (1955). 
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in the fission-product region is about 1:1000. In 
holmium, however, two effects tend to make the frag- 
mentation process more noticeable. First, the fission 
cross section is only about 0.002 b compared to 0.2 b 
for bismuth, so that the fragmentation process is now 
relatively more important. Secondly, the mass number 
corresponding to the peak fission-product yield from 
holmium is some 20 mass units closer to the target 
mass number than in the case of bismuth, the net result 
being that the heavy end of the fission-product region 
becomes ‘‘crowded” by the low-yield end of the spal- 
lation-fragmentation region. Since the fragments are 
assumed to be produced near stability the residual 
heavy-mass product is expected to be neutron excessive ; 
the excitation energy left would be insufficient to 
overshoot stability. This effect explains the apparent 
anomalous behavior of the Z, values from holmium, 
as evidenced by the relatively high ratio of Cd"'* to 
Cd"*™, For still lighter target elements, such as silver'® 
or copper,” the fission cross section is lower by a factor 
of 100 or more, so that a fission hump is no longer 
evident. This situation is in essence not much different 
from that which has been observed in the bombardment 
of bismuth with 2.2-Bev protons® where no discernable 
hump corresponding to the fission-product region is 
present, presumably because of the high cross section 
for fragmentation. Values in lead** in the Bev range 
for F'8, Na™*, Mg*’, and P® of ~1 mb have been 
determined. The residual heavy-mass fragment would 
be expected to be sufficiently excited to evaporate 
enough neutrons to lead to neutron deficiency in the 
observed high-yield products. For example, the neutron- 
deficient nuclides Ba’, Ba’, and Ba™ have yields in 
bismuth about 100-fold higher at 2.2 Bev” than at 
340 Mev.* 

The authors gratefully acknowledge the advice and 
criticism of Professor Anthony Turkevich, the assistance 
of Dr. L. Jodra, and the cooperation of Professor H. 
L. Anderson, Mr. Lester Kornblith, and members of 
the operating crew of the synchrocyclotron in the 
course of this work. The holmium and praseodymium 
used for these experiments was kindly supplied by 
Professor F. Spedding, Director, Ames Laboratory. 


APPENDIX. SUMMARY OF CHEMICAL 
SEPARATION PROCEDURES 


Tron.—Extractions into isopropyl ether from 9N HCl. 
Washings with 7.5N HCl. Scavenging precipitations of 


*R. E. Batzel and G. T. Seaborg, Phys. Rev. 79, 528 (1950); 
82, 607 (1951). 

© Sugarman, Duffield, Friedlander, and Miller, Phys. Rev. 95, 
1704 (1954). 
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Sb2S3, CuS, BaSO,, AgI, Nb,O, and zirconium phenyl- 
arsonate. Volatilization of ruthenium from fuming 
HCIQ,. Repeated Fe(OH); precipitations. Final sample 
Fe,O3. 

Nickel.—Precipitations of nickel dimethyl! glyoxime. 
Scavenging precipitations of CuS, PdS, Sb.S;, Fe(OH); 
and palladium dimethyl glyoxime. Final sample nickel 
dimethyl glyoxime. 

Copper.—Precipitations of CuCNS and CuS. Scav- 
enging precipitations of Fe(OH); and BaCO,; from 
NH; solution. Scavenging precipitations of CdS and 
AgCl. Final sample CuCNS. 

Arsenic.—Precipitations of As)S;. Extractions of AsI; 
from 3N HCl-conc HI solution into chloroform.” Final 
sample As2S3. 

Bromine.—Extractions of Bre into CCl,. Purifications 
from iodine by oxidation of iodine with NaNO, and 
extraction into CCl,. Final sample AgBr. 

Rubidium.—Precipitations of RbCIO,. Scavenging 
precipitations of Fe(OH); and (Ba+Sr)CO;. Cesium 
separated as the silicowolframate. Final sample 
Rb2PtCle. 

Strontium.—Precipitations of Sr(NO,)s. Scavenging 
precipitations of Fe(OH) . Separation of barium as 
BaCrQ,. Final precipitate SrC,O,- H,O. Sr® determined 
by addition of yttrium carrier and repeated hydroxide 
and fluoride precipitations. Final sample Y2(C.0,4); 
-10H,0. 

Zirconium.—Precipitations of BaZrF.». Scavenging 
precipitations of LaF; and BaSQ,. Final sample ZrO, 
from ignition of cupferride. 

Niobium.—Precipitations of Nb,Os. Extractions of 
cupferride into chloroform. Scavenging precipitation of 
BaZrF¢. Fina! sample Nb2Oj. 

Molybdenum.—Precipitations of molybdenum alpha- 
benzoinoxime. Scavenging precipitations of Fe(OH), 
from NH; solution. Final sample AgeMoO,. 

Palladium.—Precipitations of palladium dimethyl 
glyoxime. Scavenging precipitations of Fe(OH),, Agl, 
and AgCl. Final sample palladium dimethyl! glyoxime. 

Silver.—Precipitations of AgCl and Ag,S. Scavenging 
precipitations of Fe(OH); from NH, solution. Final 
sample AgCl. 

Cadmium.—Precipitations of CdS. Scavenging pre- 
cipitations of Fe(OH), and In(OH),; from NH; solution. 
Acid scavengings of PdS, and Sb,S;. Final sample 
CdNH,PO,-H,0. 

Cesium.—Precipitations of cesium perchlorate and 
silicowolframate. Scavenging precipitations of wolframi« 
acid. Final sample CsSiW,0. 

“R. J. Prestwood, Los Alamos Report LA 1566, February 1, 
1953 (unpublished). 
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High-Energy Fission of Bismuth. Proton Energy Dependence* 
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Radiochemical studies of the fission of bismuth with protons of 75 Mev to 450 Mev have been performed. 
Radioactive products ranging from Cu“ to Cs were isolated and their cross sections were measured. 
Integration of the calculated cross section ss mass number curves for the various energies yielded values 
for the fission cross section which increase rapidly from a value of 0.016 b at 75 Mev to 0.12 b at 192 Mev, 
then more slowly to 0.20 b at 450 Mev. The most probable fission products decrease in mass and in neutron 


to proton ratio as the proton energy increases. 





I. INTRODUCTION 


ETAILED radiochemical studies of the fission of 

bismuth have been performed with 190-Mev 
deuterons! and 340 *-450 * Mev protons. These studies 
have shown that the cross section for fission at these 
energies is about one-tenth of the total cross section 
and that the fission products formed in high yield have 
a neutron to proton ratio substantially lower than that 
of the target nucleus. The excitation energy for the 
process is utilized in emission of particles, most of 
which are neutrons, Measurements have been made on 
the kinetic energy of the fission fragments from the 
bombardment of bismuth with 90-Mev neutrons‘ and 
the results are in agreement with the mechanism 
postulated by Goeckermann and Perlman! for the 
fission process, in which the target nucleus is de-excited 
by neutron emission, and the fission probability rises as 
the Z*/A parameter increases. The fission cross section 
of bismuth was shown to rise steeply with energy® for 
neutrons of 25 to 84 Mev, and to be roughly constant*® 
for protons in the energy range 225 to 340 Mev. In 
experiments on the photofission of bismuth? with x-rays 
of 48 and 85 Mev maximum energy, the steep energy 
dependence observed with neutrons in this same energy 
range was also observed. The fission products isolated 
from the lower energy photofission process were more 
neutron excessive than those observed with higher 
energy particles,' and the yield-mass curve appeared 
to be much narrower than at the higher energy. 

The work reported here was undertaken in order to 
study the change in the fission process for a given target 
nucleus, Bi®™, as a function of the bombarding proton 
energy. Some of the radioactive products of the reaction, 

* This work was supported in part by a grant from the U. S 
Atomic Energy Commission. 

t The work on which this paper is based was done in 1951-1952 
while the author was on leave of absence from the University of 
Madrid, Madrid, Spain 

‘ R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628 (1949 

*W. F. Biller, University of California Radiation Laboratory 
Report, UCRL 2067, December, 1952 (unpublished) 

* P. Kruger and N. Sugarman, preceding paper [Phys. Rev. 99, 
1459 (1955) } 

‘J. Jungerman and S. C. Wright, Phys. Rev. 76, 1112 (1949) 

+E. L. Kelly and C. Wiegand, Phys. Rev. 73, 1135 (1948 

* J. Jungerman, Phys. Rev. 79, 632 (1950 

7 N. Sugarman, Phys. Rev. 79, 532 (1950); N. Sugarman and 
R. Peters, Phys. Rev. 81, 951 (1951 


ranging from Cu to Cs, were isolated by radio- 
chemical methods and their cross sections were meas- 
ured. The data were then analyzed for information on 
the energy dependence of the mass degradation in the 
fission process, the cross section for the fission process, 
and the most probable charge vs mass number de- 
pendence of the fission products. 


Il. EXPERIMENTAL PROCEDURE 


Irradiations of bismuth metal foils or powdered 
samples of bismuth oxychloride wrapped in aluminum 
were performed on the 2-inch target probe of the 
University of Chicago synchrocyclotron. The foil irradi- 
ation and beam monitoring procedure was essentially 
the same as that described elsewhere.’ Irradiation 
times varied from 20 to 30 min and the nominal proton 
energy® from 75 Mev to 450 Mev. The energy variation 
was effected by setting the target at the radius corre- 
sponding to the desired energy. After the irradiation, 
the bismuth foil or powder was dissolved and aliquots 
were taken for radiochemical analysis of the products 
by standard procedures.**-” 

Seventeen experiments were performed in all, and 
fourteen elements were isolated radiochemically, al- 
though not each of the elements was isolated in every 
experiment. The results represent an average of at 
least three samples from the same irradiation, and 
sometimes an average of two separate experiments. 
The elements separated were: copper, arsenic, bromine, 
rubidium, zirconium, niobium, ruthenium, palladium, 
silver, indium, tin, tellurium, iodine, and cesium. The 
separated samples were filtered onto a filter-paper disk, 
mounted on a cardboard card, covered with cellophane, 
and counted on a Tracerlab TGC1 end-window Geiger- 
Mueller counter of 2.3 mg/cm* window thickness. The 
background of the shielded counter was 21 to 25 counts 
per minute, and the dead-time correction was somewhat 
less than 1 percent per 1000 counts per minute. 

* The average proton energy is probably about 10 percent lower 
than the vaiues quoted here because of the radial oscillations of 
the beam [R. C. Koch, Ph.D. thesis, University of Chicago, June, 
1955 (unpublished) ] 

*Selected papers of Part VI, “Radiochemical Siudies: The 
Fission Products” (McGraw-Hill Book Company, Inc., New 
York, 1951), National Nuclear Energy Series, Div. IV, Vol. 9 

” W. W. Meinke, University of California Radiation Laboratory 
Report, UCRL 432, 1949 
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184 Mev 


0.044 
0.15 


0.23 


Cross section (in mb) for given proton energy 


192 Mev 


242 Mev 


0.038 
0.23 


0.45 


303 Me 


0.067 
0.37 


OF 


Bi 


355 Mev 


0.090 
0.39 


0.91 


TABLE I. Cross sections of fission products of bismuth as a function of proton energy. 
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0.039 
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0.19 


0.064 


0.014 
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0.0079 
0.016 

0.0084 
0.0048 
0.0031 
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0.039 
0.024 
0.011 
0.0085 
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0.041 
0.019 
0.0083 
0.0077 
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0.041 
0.022 
0.012 
0.011 


0.031 
0.048 
0.025 
0.011 
0.012 


0,031 
0.050 
0.024 
0.014 
0.012 


0.028 
0.051 
0.025 
0.013 
0.012 


0,027 
0.035 
0.018 
0.0089 
0.0084 


(0.00032) 
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® The loss of bromine activity upon ym of the bisr 
ment. This result is similar to that reported in reference 3 
ross section of Nb” includes formation from Nb* 
) Lower limit of the crc 
4 Lower limit of the cross section because of unknown loss of radioiodine 
Half-life determinations and absorption measure- 
ments of the radiations for energy determinations were 
made on all of the radioactivities and the results agreed 
well with accepted values." 


III. RESULTS 


The cross sections of the isolated nuclides were 
calculated from the saturation activities corrected for 


" Hollander, Perlman, and Seaborg, ‘Table of Isotopes,” Revs 
Modern Phys. 25, 469 (1953). 


(0.030) 


(0.012 (0.0092) (0.0037) 


); was determined to be 67 
yas sections have been corrected for the loe 


percent of the total bromine activity in 
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yes section because of unknown counting efficiency of the radiatior 


lissolution of biemuth target in HNO,» (see reference 9 


upon 


self- and backscattering’ of the radiations. The cross 
section used for the Al*’(p,3pmn)Na™ reaction in the 
aluminum monitor foils at all energies was 10.8+-0.5 
mb." The results of the calculated cross sections are 


'? Engelkemeir, Seiler, Steinberg, and Winsberg, Radiochemical 
Studies: The Fission Products (McGraw-Hill Book Company, 
Inc., New York, 1951), Paper No. 4, National Nuclear Energy 
Series, Plutonium Project Record, Vol. 9, Div. IV; Engelkemeir, 
Seiler, Steinberg, Winsberg, and Novey, NNES Paper No. 5. 

“ The cross section for the Al”"(p,3pm)Na™ reaction is known 
to be relatively constant for protons of 90 Mev to 450 Mev 
energy. Below ~70 Mev the cross section decreases (reference 8) 
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Fic. 1. Cross sections of selected nuclides from fission of bismuth 
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given in Table I. For those cases where the §8-branching 
ratio or conversion coefficient is known accurately, it 
is expected that the cross sections are reliable to about 
30 percent. In other cases, where the decay proceeds 
mainly by way of electron capture, the counting 
efficiency of the radiations is not well known and the 
section is undetermined. Comments on these 
specific cases are made in Table I. The uncertainty in 
the absolute cross sections for these nuclides does not, 
however, affect any comparison of the change in the 
ratios of cross sections as a function of the energy of 
the bombarding proton. The cross sections given for 
nuclides which are shielded from formation by § decay, 
e.g., Cu™, As™, As”®, etc., or have long-lived parents 
Nb*®, Ag'®, In"®", and I) are all independent cross 
sections for formation. The cross sections at 355 Mev 
of Table I, when compared to those of Biller* for the 
same nuclides measured with 340-Mev protons, agree 
to within a factor of 2 except for As”, Nb*®*", Nb®, and 
In'", In these cases, the cross sections differ by as 
much as a factor of 5. The I™ and I* cross sections 
are about 10-fold lower than those of Biller, but as 
indicated in Table I, the undetermined loss of radio- 
iodine in dissolving the bismuth targets could account 
for this disagreement. Comparison of the cross sections 
of the nuclides studied at 427 Mev and 450 Mev of 
rable I with those of Kruger and Sugarman’ at 450 
Mev again shows agreement to within a factor of 2 
except for Cu", Cu“, Rb®, and Pd’, where the cross 
sections of Table I for these nuclides are about 3- to 
5-fold lower. 

The results of Table trend of 
increasing cross section with increasing energy, for 
proton energies below 200 Mev, and except for the 
lighter nuclides, a much slower increase or even a 
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decrease in cross section at higher energies. In Fig. 1 
are plotted the cross sections of some selected nuclides, 
Cu™, As”, As’’, Nb", Ag"! and Ag", 2s proton 
energy, in which the different energy dependences are 
shown. For nuclides whose mass numbers are not too 
different, such as the isotopes of the same element, the 
independent formation cross sections of the more neutron 
deficient isotopes generally increase faster with proton 
energy than the more neutron excessive ones. This 
effect is similar to that observed in high energy fission 
of uranium by particles'* or photons'® where the cross 
sections of the neutron excessive species are almost 
constant, and those of the neutron deficient species 
increase markedly with energy. In the case of the 
bromine isotopes, Br®™, the most neutron deficient of 
the four isotopes studied, is not apparent in the decay 
curves for protons of 75 and 120 Mev, and appears in 
high yield at 184 Mev and higher, whereas Br®™, the 
most neutron excessive isotope, has a relatively high 
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Fic. 2. Ratios of cross sections of isotopes of copper, arsenic, 
bromine, niobium, silver, and iodine. Isotope of each element 
chosen for comparison is one close to stability. The label I™/ 
['*(X 10) means that the cross-section ratio «(I™) /o(I™) is one 
tenth the value read from the scale 


4 M. Lindner and R. M. Osborne, Phys. Rev. 94, 1323 (1954). 
“* R. A. Schmitt and N. Sugarman, Phys. Rev. 95, 1260 (1954) 
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TasBLe II. Summary of results of fission analysis. 





373 Mev 427 Mev 450 Mev 





192 Mev 242 Mev 303 Mev 355 Mev 
41" 


e2Pb™ 
p,2pl4n 
1,365 


184 Mev 


41” 
a2Pb™ 
p,2pl4n 
1.365 


120 Mev 


41.5" 
ss Bi 
p,plin 
1.365 


75 Mev 





40" 40" 
solig'™ sol Ig'™ 
PApI8n 9.4920 

1.350 1.325 


40.55 
sy T™ 
p,3pl6n 
1.360 


40.5" 
gi TT® 


P3plin 
1.345 


41" b 
aPb™ 
p,2p15m 

1.355 


41.5” 
s3 Bi'™* 
p,plln 
1.385 


Most probable fission product 
Assumed “fissioning nucleus” 
Target reaction 
n/p ratio of “fissioning nucleus” 
Most probable »/> ratio at: 
Z=25 
Z=35 
Z=45 
Fission cross section, barns 


4m 

vallgi™ 

»4p20m 
1.325 


1.256 
1.315 
1.345 
0.20 


1,282 
1.335 
1.360 
0.16 


1.280 
1.333 
1.364 
0.17 


1.256 
1.314 
1.344 
0.19 


1.300 
1.342 
1.364 
0.11 


1.309 
1.341 
1.368 
0.12 


1.300 
1.343 
1.368 
0.059 


1.330 
1.360 
1,380 


0.016 0.16 








yield at 75 and 120 Mev, and is not observed at proton 
energies greater than 184 Mev. Figure 2 shows the 
ratios of the cross sections of the isotopes of copper, 
arsenic, bromine, niobium, silver, and iodine to that of 
an isotope of each element close to stability. The trends 
in cross section just mentioned are evident for the 
isotopes of arsenic, bromine, and iodine, although the 
opposite trend appears in the ratios Cu®/Cu™ and 
Ag'?/Ag', The Cu®™ data are the least trustworthy 
because of the relatively short half-life of Cu®™ (3.3 hr) 
and the time elapsed before counting was begun. The 
Ag"/Ag™ ratio, although opposite in trend to the 
others mentioned, shows the expected behavior for the 
comparison of the independent formation cross section 
of a nuclide not too far removed from stability, with 
the cumulative formation cross section of a neighboring 
isotope, where in each case the most probable nuclide 
of the same mass is more neutron excessive than the 
observed nuclide. Hence, although the neutron to 
proton ratio of Ag’ is higher than that of Ag™, an 
increase in the ratio Ag"®/Ag"™! with proton energy is 
observed. 


IV. DISCUSSION 


The cross-section data of Table I were subjected to 
the same analysis as that used by Kruger and Sugar- 
man,’ as outlined below. The cross sections were plotted 
on a neutron-proton diagram and contour lines con- 
necting equal cross sections were drawn. Inasmuch as 
many of the nuclides studied were shielded, the cross 
sections represent the independent formation of these 
nuclides, and there is less over-all tendency for the 
contour diagrams to be displaced toward stability as 
would occur if most of the nuclides were formed by 
decay of precursors. The contour diagrams for the 
75-Mev and 120-Mev cases appeared rather irregular, 
probably the result of the poorer accuracy of the data 
because of the low cross sections at these energies, and, 
in part, the result of the mixing of cumulative and 
independent yields on the same contour diagram. The 
contour diagrams, as drawn, appeared to conform to 
the same charge distribution curve as that used in the 
analysis of the fission of the heavy elements holmium 
to thorium with 450-Mev protons, although the fit was 
poor for the 75-Mev and 125-Mev cases. The results of 
the contour analyses on the most probable fission 


product, the target reaction on the assumption that 
the particles are emitted before fission, and values of 
the most probable neutron to proton ratio for a given 
charge, are given in Table II. 

Following are some observations on the analysis of 
the contour diagrams, the results of which are given in 
Table II. First, the maximum of the yield-mass curve 
for the fission products is at lower mass numbers for 
higher proton energies, consistent with the emission of 
a larger number of particles, mostly neutrons. Secondly, 
the most probable neutron to proton ratio at a given 
charge generally decreases as the proton energy in- 
creases, favoring the more neutron deficient isotopes of 
a given element. Thirdly, at a given proton energy, 
the most probable neutron to proton ratio increases as 
the charge increases, as was observed by Kruger and 
Sugarman.’ The “fissioning nucleus” at each energy 
may be obtained by doubling the mass and charge of 
the most probable fission product. The fission!ng 
nucleus found at 355 Mev is Ti™, compared to Pb™ 
as the most probable fissioning nucleus reported by 
Biller* for 340-Mev protons, and that found at 450 Mev 
is Hg'**, identical with other experiments.’ 

The emission of the surprisingly large number of 
particles at 75 Mev and 120 Mev, as determined from 
the contour analysis, is inconsistent with the available 
energy, in that minimum energies in excess of that 
available are required. This erroneous observation is 
probably the result of the poor data at these energies 
and the shifting of the contour plots toward stability 
because of the presence of some cumulative cross 
sections, producing an apparently lower most probable 
neutron to proton ratio which is correlated with the 
emission of a larger number of neutrons. 

The full cross section for a given mass number may 
be calculated from the measured cross section by esti- 
mating the fractional yield of the nuclide studied from 
the fractional yield vs charge dependence given else- 
where.’ The results on nuclides of high-energy 6 radi- 
ation and of established decay schemes, such as Cu, 
Cu’, As”, etc., establish cross section »s mass number 
curves at the various proton energies, such that the 
integral under the curve is twice the fission cross 
section. In the cases, such as iodine, where it was 
expected that there would be a loss of radioactivity 
from the solution in dissolving the target because of 
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uniformly low. In other cases, where the 8-ray energy 
was low, e.g., Nb”, or where the decay scheme is not 
e.g., In™*, the 
staggered relative to the smooth curves. 


too well established, cross sections 


The fission cross sections of bismuth for the various 
proton energies studied, as determined by integratior 
of the cross section vs mass number curves, are given in 
Table II. Because of the many sources of error in these 


fission cross 


determinations, it is expected that the 
sections may be in error by as much as 30 percent 
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The values at somewhat 


more uncertain. The cross section increases by about a 
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of 0.025 from 75 Mev to 192 Mev, 
slowly to 0.015 at 450 Mev. Since Ag 

product, the change with energy in the neutron to 
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! is a cumulative 


proton ratio of the most probable product at a giver 
mass number does not affect the cumulative vield as 
long as the most probable products are neutron exces 
sive, 2 or 3 charge units from stability. As the energy 
is increased, the decrease in the most probable mass 
and in the neutron to proton ratio both tend to make 
the yield of Ag'" in fission lower. The shapes of the 
other curves given in Fig. 1 are different from that of 
Ag’ inasmuch as the yields of the other nuclides are 
affected differently by the changes in mass and neutron 
to proton ratio with energy. 


The fission cross sections ts proton energy are plotted 
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in Fig. 3 (circles). The low-energy neutron fission cross 
sections of Kelly and Wiegand,* normalized to a fission 
cross section for thorium of 0.5 b with 84-Mev neutrons, 
the high-energy proton data of Jungerman,® and the 
cross sections found at 340 Mev by Biller® and at 450 
Mev by Kruger and Sugarman by methods similar to 
those described here, are also given in Fig. 3 (squares). 
The cross sections determined by ionization chamber 
techniques*-* are uniformly low relative to those deter- 
mined by the radiochemical analytical method.?* This 
discrepancy in the fission cross section measured by 
the two methods has already been pointed out for 
thorium, bismuth, and gold.? 

The increase in the fissionability of bismuth with 
proton energy results from an increase in energy 
deposition in the target nucleus.’* For proton energies 
in the range 75 Mev to 200 Mev, where nuclear trans- 
parency is not too important, the fission cross section 
rises steeply with proton energy, either because of 
better competition of the fission process with other 
energy dissipating processes, e.g., particle evaporation, 
or because of the formation of a more fissionable 
nucleus after particle evaporation. In the energy range 
200 to 450 Mev, the most probable energy imparted to 
the target nucleus becomes a smaller fraction of the 
particle energy (about 100 Mev) and does not change 
appreciably with particle energy. In this energy range, 
the fission cross section rises more slowly with proton 
energy, a result of the slow enhancement of the high- 
energy component of the energy deposition spectrum. 
The most probable fission product, as determined from 
the contour analysis, defines the “fissioning nucleus,” 
whose values at the various proton energies are given 
in Table II. Where the excitation function for fission 
is steep, e.g., in the energy range 75 to 200 Mev, the 
fissioning nucleus is fairly unique and is a good pa- 
rameter for the fission process. However, in the energy 
range where the fission cross section varies only slightly 
with energy, the fissioning nucleus determined from 
the contour analysis is an average of all the fissioning 
nuclei whose individual contributions are difficult to 
determine. 
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The study of binding energies of light hyperfragments may provide a quantitative test of Gell-Mann’s 
proposal to describe the A°-particle as an isotopic-spin singlet. Specific predictions are that ,H™ should exist 
with the same By, as for :He**, and that B, for :He*, if this exists, should not exceed By, for ,H**. 





“ELL-MANN' has proposed an elegant scheme for 
the description of hyperons and K-particles, based 
on the idea that the properties of these particles are 
closely linked with the notion of isotopic spin. To each 
particle there is assigned an isotopic spin T and a 
characteristic relationship between its charge and the 
component 73. Isotopic spin T=0 is proposed for the 
A° particle, T= 1 for the = particles. The former assign- 
ment is suggested by the absence of any charged hy- 
peron with a corresponding decay mode and a Q-value 
close to 37 Mev. The latter assignment is now supported 
by some recent evidence? for a 2~ particle with the same 
Q-value as the + particle, and by some indications? that 
the assumption of a rapidly decaying 2° particle sim- 
plifies the interpretation of some associated particle 
production events. For the K-particles the situation is 
less clear at present. 

Despite the qualitative success of these notions, there 
is at present no direct evidence that isotopic spin is at all 
relevant to these particles.‘ The known charge-inde- 
pendence of nucleon-nucleon forces at low energies gives 
essentially no evidence on this point since the strong 
coupling of nucleons with hyperons and K-particles 
jointly, which is known from the evidence on associated 
production, will contribute to nucleon-nucleon forces 
only for separations of order #/M xc or less. Since these 
forces appear to be strongly repulsive for close approach 
(<0.4h/yc), the low-energy nuclear phenomena are very 
insensitive to the charge-independence character of the 
forces in this region. Only for high-energy nucleon- 
nucleon (or pion-nucleon) scattering will this strong 
(MA°,K) coupling contribute appreciably—a lack of 
charge symmetry among the hyperons would result in 
differences between n-n and p-p scattering, for example. 
However, owing to the inaccuracies in high-energy 
measurements, the present degree of agreement between 
n-n and p-p scattering at high energies does not provide 
strong evidence on this point. The assumption of isotopic 
spin conservation also leads to quantitative relation- 

1M. Gell-Mann, Phys. Rev. 92, 833 (1953). 

* Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. 83, 861 
(1954); Debeneditti, Garelli, Tallone, and Vigone, Nuovo cimento 
XII, 952 (1954) 

3 a Shutt, Thorndike, and Whittemore, Phys. Rev. 98, 121 
Oe the conservation of charge Q and isotopic spin component 
T; are necessary to account for the strong interactions observed 
for K-mesons and hyperons in the Gell-Mann scheme. The con- 


servation of total isotopic spin 7? which has been postulated for 
the strong interactions has not been invoked to the present. 


ships between various hyperon and K-particle produc- 
tion processes, the experimental test of which would 
give very direct evidence on charge-independence among 
hyperons and K-particles. However, these relationships 
generally depend on several parameters and become 
definite only when more specific assumptions are made 
or when rather detailed experiments are possible. At 
present it can only be said* that the little data available 
on production processes does not necessarily conflict 
with the possibilities allowed. 

Our purpose here is to remark that this assumption of 
charge independence leads to several consequences for 
light hyperfragments (i.e., nuclei containing a bound 
hyperon, generally a A° particle) which should be re- 
membered in discussing hyperfragments of low Z and 
which may be tested from future data. The present data 
on hyperfragments with Z=1 and 2 are collected to- 
gether in the accompanying table. Several fairly well- 
identified events for higher Z have also been included to 
emphasize the following point—if the A°-nucleon forces 
are comparable with nucleon-nucleon forces then, since 
the Pauli principle will not be effective for the A° 
particle bound in a nucleus, the A°-binding energy By 
should be quite large compared with the binding energy 
B,, for a corresponding neutron, for which the Pauli 
effect provides an additional and strong repulsion. Since 
By, is actually comparable with or less than B,, it is 
reasonable to conclude that the A°-nucleon forces are 
somewhat weaker,* on the average, than nucleon-nucleon 
forces. Finally, since light hyperfragments are generally 
observed to live for a time comparable with the A° life- 
time (4 10” sec), we may assume that the hyperfrag- 
ment generally reaches its ground state before the A° 
decay occurs, since excited states in light nuclei have 
gamma lifetimes short compared with this time. 

We may now discuss the following systems: 

(a) The three-particle system consisting of two 
nucleons and a A° particle, which may have states T=0 
or T=1. The singlet state will exist only in the system 
1H™, while the triplet states will appear in ,He*, ,H™, 
ot, We cannot predict which of these states will be 
lowest in ,H™. If the 7'=1 state lies lowest, then the 
binding energy of »He®* should be equal to that for ,H™ 


(actually a little less because of the Coulomb repulsion 

* This does not imply that the couplin sible for the 
Agnucleon forces are necessarily weaker than t responsible 
for nucleon-nucleon forces, since the Ae-nucleon forces are prob- 
ably of shorter range and therefore less effective in binding. 
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between the two protons. In the three-nucleon system 
this Coulomb energy difference is 0.77 Mev, but here it 
is presumably a good deal less since the system appears 
to be much less strongly bound). If the 7=0 state lies 
lowest, then the T=1 ,H™ state will decay by y emis- 
sion rather than by A® decay and By, for ,He* will 
therefore be less than for ,H®™. In brief, if ,He* exists, 
its A°-binding energy By should not exceed that for the 
,H™ system, if charge independence is applicable to the 
A®-nucleon interactions. 

(b) In the four-particle systems, states of 7=4 and 3 
are possible. In either case, from charge symmetry, the 
existence of a bound state »He* implies the existence of 
a bound ,H®™ state. This ,H®™ state should be even more 
strongly bound than the ,He® state (by about 1 Mev) 
owing to the absence of Coulomb repulsion. Owing to 
the high-binding energy of the final state, the decay 
,H“*—,He'+2~ involves a large release of kinetic 
energy (about 54 Mev) and will probably be the domi- 
nant mode of decay. 

(c) No five-nucleon system has bound states, owing 
to the repulsive effect of the Pauli principle, but the 
possibility of a bound system (,He*+-A°) should be con- 
sidered in discussing hyperfragments with Z=2. Only 
the singlet state 7 =0 is to be expected for this system of 
particles since it is the T=0 configuration of four 
nucleons which has a high-binding energy. The decay 
process ,He*—>,He'+p+2~ will be favored since the 


energy release for a decay process which involves 


breaking up the a-particle will generally be rather low 

(S15 Mev 
Charge independence requires that the A®-neutron 
interaction should be identical with the A°-proton 
interaction, but this A®°-nucleon interaction may still 
depend on the relative spin orientation of the particles. 
If a bound state (A°p) exists, which appears unlikely 
Tasce I. Binding energies of light hyperfragments 
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unless the A°-nucleon potential has a strong spin- 
dependence, there would also be a bound (A°m) state— 
Primakoff and Cheston® have discussed the possibility 
of such a state and the decay modes it would have. 
Long-lived = fragments may also be considered, although 
their very existence would provide a difficulty for the 
Gell-Mann theory in its present form. A charged 
> particle in a nucleus would undergo a charge exchange 
process such as >-+ p—2°+n, and this theory suggests 
that a S° particle would decay to a A° particle by a very 
rapid y emission. However there is now at least one 
hyperfragment decay’ with an observed energy release 
larger than is possible for a Ao hyperfragment. The 
existence of Ao hyperfragments naturally suggests the 
explanation of this event as a = fragment; however 
such an event could also be due to a K-fragment in 
which a K*t-meson is bound to a nucleus, since the 
Gell-Mann theory forbids rapid absorption of a K*- 
meson by a nucleon. We shall not discuss the possi- 
bilities for other types of fragments further here. 

It must next be considered whether, in view of the 
uncertainties in the mass measurements of hyperfrag- 
ments and their decay products, the interpretations 
given in Table I may conflict with or exemplify these 
-remarks. The event of Bonetti et a/.* could be inter- 
preted as ,H** decay, for example, but the value of By 
then obtained would be rather large (about 15 Mev), 
which seems unlikely on the basis of the evidence from 
heavier hyperfragments mentioned above. Yagoda’s 
event’ is less clear cut, but with the interpretation pro- 
posed its By is not inconsistent with the value of Bonetti 
et al. for a ,H®* fragment. It is also possible that this 
event may be an example of ,H** decay, ,;H**—>-d+p+n 
+2x-, giving a By of —0.1 (41.5) Mev. 

The events of Hill et al.,.° Naugle et al.," and Baldo 
et al.* could equally well represent ,He**—>,He*+p+7-, 
with Ba~3 Mev. In this decay, the initial nuclear 
configuration is rather little changed, so that the 
value of By is rather insensitive to the mass of the 
fragment—the uniqueness of the fit generally depends 
on the accuracy with which the direction and length of 
the short recoil track are determined, since a good 
measurement of the hyperfragment mass is rarely pos- 
sible. For this reason, the example of Crussard and 
Morellet? also allows several interpretations which lead 
to By=8(+4) Mev. 

‘H Primakoff and W Cheston, Phys. Rev. 93, 908 (1954). 

’W. F. Fry and M. S. Swami, Phys. Rev. 96, 809 (1954) 

* Bonetti, Levi, Setti, Panetti, Scarsi, and Tomasini, Nuovo 
cimento 11, 210, 330 (1954). Similar events have now been 
reported also by deBenedetti, Garelli, Tallone, and Vigone [Nuovo 
cimento 12, 466 (1954)] and by Baldo, Belliboni, Ceccarelli, 
Grilli, Secchi, Vitale, and Zorn [Nuovo cimento 1, 1180 (1955)] 
See Table I 

*H. Yagoda, Phys. Rev. 98, 153 (1955 

* Hill, Salant, Widgoff, Osborne, Pevsner, Ritson, Crussard, 
and Walker, Phys. Rev. 94, 797 (A) (1954). (Note added in proof 

The data on this event have now been shown to fit the inter- 
pretation of »He** decay somewhat better, leading to a By of 
2.6+1.3 Mev 

" Naugle, Ney, Freier, and Cheston, Phys. Rev. 96, 1383 (1954) 

2 J. Crussard and D. Morellet, Compt. rend. 236, 64 (1953) 
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If the event which Fry et al." have described repre- 
sents 2He** decay, the B, obtained conflicts with the 
remarks (a) made in the aforementioned since it is 
then considerably larger than the By, obtained for ,H** 
by Bonetti ef a/.—however the alternative hypothesis 
of sHe** decay is possible and fits equally well. For this 
event, the assumption of »He** decay is not permitted 
since the resulting By would not be positive. Now 
since B, for this 2He* decay is 3.941 Mev, it is most 
natural to accept the interpretations given in the table 
since all four By, values given for »He** are then in 
reasonable agreement."* At present there is no evidence 
which requires the existence of the ,H** fragment— 
however, the range of this fragment will be about four 
times greater than for a »He* fragment of the same 
energy, and the probability for observation of its decay 
may therefore be rather less. 

A discussion of hyperfragments Z>2 may be given on 
similar lines and the Gell-Mann theory suggests the 
possibility of mass numbers (for given Z) for hyperfrag- 
ments different from those for the corresponding stable 
nuclei. For example, the existence of ¢C"*, suggested by 
Fry ef al.," would imply that the hyperfragment ,Be!* 
be bound. If each hyperfragment is represented by a 
point on a plot of V (number of neutrons) versus Z, the 
Bell-Mann scheme requires that these points be dis- 
tributed symmetrically with respect to the line V=Z, 
By, being the same at corresponding points, at least up 
to Z~10 where the Coulomb forces begin to play an 
important role. In fact all the heavier hyperfragments 
for which an interpretation has been suggested have 
Z2N. One possible reason for this is that, for V>Z, 
the nonmesonic decay processes possible generally lead 
to emission of one or more neutrons. These cases either 
cannot be identified with certainty or may happen to 
allow an interpretation with a smaller value of NV. 
For example, the event of Fry ef al. for which the inter- 
pretation of ,Be’* decay proves possible (see Table I) 
could equally well represent ,Be**—>,He'+ p+ p+n-+n, 
with a binding energy By given by (22.3(4+8)—T,) 
Mev, where 7, is the total kinetic energy of the two 
neutrons seen in their relative c.m. system. The fact 
that measurement of the energy release is considerably 
less accurate in these more complex events also con- 
tributes to the uncertainty in the interpretation of 
heavier hyperfragments. 
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An event which has the inter- 


ei 1H**—,He!+ 4 (i) 


3 Fry, Schneps, and Swami, Phys. Rev. 97, 1189 (1955). 

“4 Note added in proof—A decay of this type, well identified as 
a sHe* hyperfragment since the hypothesis of sHe** decay gives 
a very poor fit, has been observed by Fry, Schneps, Snow, and 
Swami and leads to a By, of 0.940.5 Mev. I am much indebted 
to Dr. W. Fry for preliminary details of this event 
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has recently been observed by Menon, Friedlander, 
and Keefe.'® The binding energy of the Ao in ,H™ is 
then found to be 1.2 (+0.8) Mev. Also, a further event 
which may be due to ,H™ has been reported by Horn- 
bostel and Salant,'* a possible interpretation being 


1H“*—,He*+n+2- (ii) 


with a By of 4.7 (4:3.1) Mev. However interpretation 
of this event as a =~-capture star is also possible. 
Several further ,H* events have recently been reported 
at the Pisa conference (1955) but full details are not 
available at present. 

Comparison of B, for ,H* and for ,He* suggests that 
indeed the AoV and AoP forces are rather closely equal. 

The origin of the Ag-nucleon forces is not well known 
at present. The interaction P—>A9+K* is known to be 
strong and can lead to an exchange force between Ao 
and nucleon, thus 


Aot P(P+- K-)+P—P+Ao, 


with a range close to #/Myc. However interactions 
through the pion field are not excluded by considera- 
tions of “conservation of strangeness.”’ Double pion 
exchange between A» and nucleon could result from an 
interaction 


(iii) 


Ag—Apt+ rt +r (iv) 


which is allowed both by “strangeness” considerations 
and by isotopic spin conservation, and would lead to 
ordinary forces of range h/2uc. 

The single pion interaction 


Ag Agt n° (v) 


also conserves the strangeness number (O—7) and 
would lead to a Ao-nucleon force of range h/yc. Since 
the interaction of x® meson with neutron is opposite to 
that with proton, according to charge independence 
(r; coupling), the Ao-nucleon force resulting from (v) 
would have opposite sign for Ao—.V and for Ao— P. 
Since this Ag-nucleon force would have a much longer 
range than the other forces which could be effective 
and which may be attractive, the existence of this force 
would show clearly in the binding energy data for 
hyperfragments, especially in the comparison of hyper- 
fragments with the same (V+Z). The fact that the 
binding energies By of ,H** and ,He™ are actually 
very close indicates that the interaction (iv) can at 
most be very weak. The most direct way in which the 
interaction (v) may be forbidden is by the assignment 
of isotopic spin T=0 to the Ao particle, since total 
isotopic spin cannot then be conserved in this inter- 
action. This is, of course, the situation in the Gell-Mann 
theory so that this event (i) provides some considerable 
support to the linking of strangeness with isotopic spin 
as postulated in this theory. 


651 am much indebted to Professor F. C. Powell for information 
concerning this event 

J. Hornbostel and E. O. Salant, Phys. Rev. 98, 218 (1955) 
I am much indebted to Dr. Hornbostel for more detailed informa- 
tion on this event 
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The reaction p+p-—+r*+d is analyzed. Using the statistical operator methods, we derive: (i) the pro- 
duction cross section for s-, p-, and d-wave mesons for the case of a polarized proton beam; (ii) the polar- 
ization of the deuteron for both polarized and unpolarized incident protons. With the restriction to s- and 
p-waves, the deuteron polarization gives new information about the production amplitudes ; for an unpolar- 
ized proton beam for the ~-wave production only, for a polarized one for s-waves as well. We discuss: 
(i) the possibilities of measuring the deuteron polarization; (ii) the relation of the phases of the production 


amplitudes to the pp-scattering phases. 





1. INTRODUCTION 


HE object of this paper is to discuss the reaction 

p+p-—x*+d, using polarized incident protons. 
This process was first analyzed by Marshak and 
Messiah,’ who restricted themselves to s- and p-wave 
pions, and has recently been discussed by Rosenfeld,’ 
Wolfenstein,’ and Gell-Mann and Watson.‘ It has been 
studied experimentally by Crawford and Stevenson 
and by Fields ef al.* 

We shall give a general expression for the S-matrix 
for the reaction considered and hence derive the cross 
section for s-, p-, and d-wave pions. Restricting our- 
selves to s- and p-waves, we shall consider the polar- 
ization of the recoil deuteron which gives new infor- 
mation about the production amplitudes. In fact, 
together with the data already available, a knowledge 
of the deuteron polarization would determine these 
amplitudes completely. This is of particular interest as, 
near threshold, these amplitudes are simply related to 
certain proton-proton scattering phases. The informa- 
tion gained from the deuteron polarization assumes 
rather different forms according to whether one uses an 
unpolarized or a polarized incident proton beam. In 
the former case it concerns only p-wave production, 
in the latter both s- and p-waves. The possibilities of 
measuring the deuteron polarization, which would be 
very difficult, are discussed 


2. GENERAL THEORY 


To calculate the cross section and the deuteron 
polarization we shall use the S-matrix formalism first 
developed in this connection by Dalitz’ and by Wolfen- 


* This work was supported in part by the U. S. Atomic Energy 
Commission 

tOn leave of absence from the Atomic Energy Research 
Establishment, Harwell, England 

'R. E. Marshak and A. M. L 
337 (1954) 

*A_H. Rosenfeld, Phys. Rev. 96, 139 (1954) 

4L. Wolfenstein, Phys. Rev. 98, 766 (1955). 


Messiah, Nuovo cimento II, 


*M. Gell-Mann and K. M. Watson, Ann. Rev. Nuc. Sci. 4, 
219 (1954) 

*F. S. Crawford and M. L. Stevenson, Phys. Rev. 95, 112 
(1954) 

* Fields, Fox, Kane, Stallwood, and Sutton, Phys. Rev. %6, 
812 (1954) 


’R. H. Dalitz, Proc. Phys. Soc. (London) A65, 175 (1952) 


stein and Ashkin.* In this formalism the differential 
cross section for the reaction 


pt+por+d (1) 
is given, in terms of its scattering matrix S, by 
da/dQ=Tr(SU;S*), (2) 
where® 
U;=}(1+p-e"). (3) 


LU, is the statistical operator describing the polarization 
of the incident proton beam, @“) its Pauli spin operator 
and p its polarization vector, given by 


p= (eo) =Tr(eU;,). (4) 


The polarization of the deuteron, having spin 1, is a 
much more complicated quantity than that of a proton. 
Its specification requires not only the expectation values 
of the deuteron spin S but also of the second rank 
tensor 7;" which can be formed from the spin vector. 
We define 


T,*' =F 45v3(S,2+iS,), T,°=/4S,, (5a) 
and 
T,# = $v3{(S2—S,) +i(S,S,+5,S,}, 
T,*' = F $v3{(S,S,4+-S,S8,) +i(S.S,+5,S,)}, (Sb) 


T= (1/N2){3S2—2}. 


If Uy, is the statistical operator of the final state, 
given by 
U,;=SU;St, (6) 


then the polarization of the deuteron is specified by 
Py =(Ts*)=Tr(UsT*)/TrUy (mg | 9\, 7=1, 2), (7) 


where the denominator Trl’, ensures correct normal- 

ization. It is simply the differential cross section for the 

scattering angles considered, as follows from (2) and (6). 
The S-matrix can generally be written 


S= Py Vu, 


* L. Wolfenstein and J. Ashkin, Phys. Rev. 85, 947 (1952) 

* One easily sees that this is still the correct definition of U; for 
two identical fermions since only antisymmetrized states are 
allowed 
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where WV; and W, are the asymptotic forms of complete 
sets of wave functions describing the initial and final 
states of the system and the yw,; are suitably normalized. 
We choose these states as eigenstates of the initial and 
final relative orbital angular momenta / and /’, of the 
total angular momentum J and its z-component M. 
Since we are only interested in the angular dependence, 
we can write for the initial states 


Vi=Com'/VP(0,0)¥u, (8) 


where we have taken the z-axis, 92=0, for the direction 
of the incident proton beam, (6,@) being the scattering 
angles of the meson in the c.m. system. The Cmymg'!!! 
are Clebsch-Gordan coefficients, and the y,, are the 
four spin states of the pp-system (M=—1, 0, +1 for 
the triplet states, and a different label, say M=0’, for 
the singlet state). Because of the choice of axes, no 
summation occurs in (8). For the final states we have 
similarly 


v=L Cu an TV yp ™(0,0)bm, (9) 


where ¢,, (m=—1, 0,1) represents the three deuteron 
spin states. The matrix element y,; corresponding to 
the transition from state (8) to (9) we shall label wy,’'. 

Angular momentum and parity selection rules allow 
these transitions: 


pp-singlet, /=even, J=1; -l’=1+1, 


J=l; l=I+1, 


pp-triplet, I= on 
J=l#1; >! =I41. 


Instead of the matrix elements yw sy', we found it 
convenient to use the production amplitudes 


2i+1\! 
4 
Combining these results, the S-matrix becomes 
S= LVeoelXL LL aar'Cu—nn! 
m,M L J mtd 
X Com! S47 Vy! "(0,0)}wu', (11) 


where J=/ if ] is even, and J=/—1, 1, 1+1 if l is odd. 

We construct S by a second method, particularly 
useful if only low angular momenta are involved. 

Let xi, x be unit vectors in the directions of the 
initial and final relative momenta, and let ¢ and ¢ be 
the vectors ya, ¢» defined above. S must be bilinear 
in ¢ and ¢! or ot (depending on whether the initial 
pp-state is triplet or singlet); it depends on x, and x, 
and must transform like a pseudoscalar. With the 
restriction to s- and p-wave pions, simple invariance 
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considerations show that S must be of the form 


1 f i 
m—— 1 g(x: t4+—aig-[x; t 
S ai ao(xs do tn CxiX ¢*] 


r)| 
ae 
——(3t(xi- )— (xe 6) Wot}, (12) 
v2 


where /=cos@= (x,-x,). We shall explain the general- 
ization of S for the case of higher angular momenta for 
singlet pp-states. The extension to triplet states will 
then be apparent. From (12), one sees that the singlet 
part S*'™* has the form 


Sine = A (1) (xed Wot+ Bld (xr- dot. (13) 


If S:,.4:°'™* denotes that part of S*'"* corresponding 
to a transition from orbital angular momentum / to 
1+1 (/=even, since we have a singlet state, and J=/), 
then S;, 4.:°'™* must be a spherical harmonic of order / 
in x;, of order /+1 in xy, irrespective of how the other 
variables are fixed. Hence if we put Yo '=1, ¢= (0,0,1), 
and x;=(0,0,1) or x,=(0,0,1), the result will be a 
function of the s-component of x; or x, respectively, 
and, as explained, has to be a Legendre polynomial of 
order / or /+-1 respectively, i.e., 


A(t)+1(B()=aPyill), tA(O+B()=B8Pi(h), (14) 
where a and @ are constants. Putting ‘=1, we obtain 
a= 8, and we can write, without loss of generality, 


a=8=/+1. Equations (14) have the solution 
A()=—-P/), BY) =Pu'(d, (15) 


where the prime denotes differentiation with respect to 
t. It follows that, apart from a constant, 


Sirs = Piss’ (O (x7 do! — Pi (O) (xe Bor’, (16a) 
and similarly one obtains 
Sry. st Pigs! () (xy dbo" 

— Pins’ (O) (xe bot. (16b) 


For the triplet pp-states, the same procedure leads 
to the formula 


Su? =[P i" (Ol ge Lar X oe €) 
+ (xe b)xe Les X 0) 
— Pr" Olxe Ler Xb llar &) 
+(xr- dx Lee X Oe") 
+ulPi Oxc Lexa] 
—Pr'(Oxr LOXe' ll, 


where / is now odd and /’=/—1, J or /+-1. \ and uw are 
to be determined by fixing J. This can be done by 
observing that S,**'” arises by contraction of two 
irreducible tensors of rank J, constructed from x,t! 
and x/¢. Suppose we have //=/—1, J=/, If we replace 


(16c) 
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Taste I. Coefficient yz in Eq. (16c) for different transitions (A= 1 
The initial orbital angular momentum is | (odd 


Final orbital Total angular 


anguiar momentur momentum 
r » 
l—1 I—1 1—l 
I-1 l —I—1 
1+1 +1 1+2 
i+1 i a 


¢ by x,, the resulting tensor will be an odd function of 
degree | in x,; but we know it must be a tensor of rank 
J=l, hence it must vanish. This condition gives us a 
relation between \ and yw. The same method enables us 
to determine S in all other cases as well. The result is 
shown in Table I, where we have taken A= 1 


3. CROSS SECTION FOR s-, p-, AND d-WAVE PIONS 


For final meson states with I’ <2, there are 7 possible 
transitions, shown in Table II. The first column specifies 
the pp-system; the second specifies the x*d system, 
the affix 3 referring to the deuteron spin. We have 
simplified the general notation introduced in Sec. 2 and 
label the amplitudes (10), ao, a1, -- 
last column of Table II. If we consider only s- and 
p-wave mesons, only the amplitudes ao, a, and a differ 
from zero. They were so ordered that in this case the 
suffix J-value of the transition considered, 
i.e., we 0, 1, 2. Of the 7 transitions, 
the first two arise from pp-singlet states, the remaining 
five from pp-triplet states. 

Using Eqs. (11) or (16), and (2), we obtain for the 
differential cross section for reaction (1 
p-, and d-wave mesons, and assuming the incident 
proton beam polarized in the y-direction [i.e., p 


0,p,0 


ds, as shown in the 


gives the 


can write a,;, J= 


) allowing s-, 


la 0. 1 
(vot 72 cos?+7, cos"é 
1 32le 
p sin® cosof Ao +A cos*@) 
- \; cosé+2,; cos?) }}, 17) 
where the coefficients yo, *, Xo, are defined in 


terms of the amplitudes a,, as follows. Let 


Wen = Tal n COS(Am—an), Qnn=Fe%n SIN(a,— AO 19) 


Then 


1 1 /28)0 S6ro2 + 5S6r 2+ 28r.?+ 70r,24+- 7092 


+ 2097 2+ 3592+ S6V2w02— 28V2w13— (284/10) wis 
5 S6v2w 1 " 28y S)\w ‘ 


4y 70) was + 70co9¢+ (204 14) was 


+(14y S)wast (2y 70) wse l, 


8y/ 35 )wrs 


20a) 
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vo= (1/14)[42r2—2172+3572+60r2+21r¢ 
— 84V2u92+42V2013+ (424/10) wra+ (124/35) wis 
+-B4V2e 6+ (4245/5) wast (64/70) was — 294 e036 
— (90y/14)w4s— (1264/5) was— (184/70) ws], (20b) 


ya= (1/28) — 100752 + 357 F+630w36+ (200y/ 14) ws 


+ (350,/5)wast+ (504/70)s6], (20c) 
ho= 4$[4V2091—4012—8Q03— 6206 
—4vV202;— 3v202 |, (21a) 


Ao= (1/14) (159/14) Qoe+ (1849/7) Qes4+ (6y/ 35) Qe. 
+ (64/10)Q25— (94/7) O06], (21b) 

Ai= (5 14)5[ (44 7)Qy4— OVID 5+ (2y 14)Q3,— 603; 
+ (10, 5)Qast+ (a 14) Q4¢— 3256 |, (22a) 
As= (5/14) 9 — (209/5)Q4s— (54/14) Qee 415256]. (22b) 


The angular distribution (17) is of the form to be 
expected from general considerations and one can easily 
extend it to include higher partial waves. The asym- 
metry due to the polarization consists of two parts. 
The first is an interference effect between s- and p- or 
between d- and p-waves; it arises from interference of 
a singlet and a triplet pp-state. The second part results 
from interference of s- and d-wave mesons; it arises 
from two triplet states of the pp-system. This second 
part is asymmetric about 6=90°, so d-waves should 
show up as such an asymmetry. Although the s-wave 
amplitude itself is small, this asymmetry might be a 
more sensitive test of the presence of d-waves than 
deviations from a (yo+y:2 cos’#)-dependence of the 
unpolarized cross section. With the restriction to s- 
and p-waves, our result agrees with that of Marshak 
and Messiah,' and our parameters are easily related to 


those used by Rosenfeld? and by Gell-Mann and 

Watson.‘ In particular, 

A Yo/ Y2, Uv A Yo, a@an= Ay? Bn’ h(re+r,*), 
2ret+re+2v2wW02 (23) 


3(r22—2V2w2) 


4. DEUTERON POLARIZATION 


We now restrict ourselves to s- and p-wave mesons. 
The reaction is then completely specified in terms of 
Taste II 


Transitions involved for s-, p-, and d-wave pions 


‘So Po a 

‘Dy P; a 
3s, * 

IP, hs a 
“D; a3 

*Ps 14 
2D, 

Fs 1s 
7D, 

F; ae 
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the 5 parameters ro, 71, 7. and two of the phases ao, a, 
and a. At present, experiments only furnish us with 
four data at any given energy: A, Q, a, and 8, Eqs. 
(23). A and Q are obtained at any energy from the 
angular distribution of the unpolarized cross section 
and the asymmetry when using polarized protons. a 
and § are obtained by assuming the energy-dependence 
of the s- and p-wave contributions to the total cross 
section, as given in (23), » being the pion momentum 
in the center-of-mass system. As Rosenfeld’ shows, 
this energy dependence gives good agreement with 
experiment, but, except near threshold, there is no 
reason why it should be generally valid. 

Following Rosenfeld? and Gell-Mann and Watson,‘ 
we introduce the following ratios of production ampli- 
tudes 


b9= |5o| e'?= ao a2, é,= 5;|e*"=a)/de. (24) 
As fifth parameter to specify the reaction completely, 


we can then introduce the phase angle wo given by 


b= — (1/V2)(14+3X)+(3/v2)(X?+X) tes, (25) 

The determination of the parameter wo is of con- 
siderable interest, as this would completely specify the 
parameters entering the reaction. Moreover, near 
threshold these parameters are simply related to the 
scattering phases of the pp-states involved (see Sec. 5 
below). There are some theoretical arguments” to 
suggest that |é9| is small which would imply that wo is 
small." 

wo must be determined from a measurement of the 
deuteron polarization. From Eqs. (5) to (7) one obtains 
the polarization of a deuteron emitted in the direction 
6, @ (i.e., the meson is now emitted in the direction 
r—6, d+), 


P (0,0) = {V 3"(0,0) + pW ;"(0,0)}/ 


{do(x—0,6+2)/dQ}, (26) 


where the incident proton beam again has polarization 
p= (0,,0) and 


v3 —3v2 
V =-i 2. | cos@ sinBe*'*, 
2L 16% (27a) 
V °=0, 
v3 1 
W +! =i- | (V+ 2) | on, 
2 L1l6xr 
(28a) 


1 
WY=-y il (anten)| sin sing, 
16x 


“K. A. Brueckner and K. M. Watson, Phys. Rev. 86, 923 
(1952); and Aitken, Mahmoud, Henley, Ruderman, and Watson, 
Phys. Rev. 93, 1349 (1954). 

1 For the value of X deduced from experiment, (1/v2)(1+3X) 
> (3/v2)(X*+X)t. 
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v3f 1 
216% 


v3 1 
V,= |- Qnt+ri+2len)| sin*#@e*?'¢, 
2 32x 


(= 2ree+ 2r2+Vlon)| cosé sinde* >, 


(27b) 
1 do(x—0, o+ 2) 
= il 


dQ 


3 
+——{r:°+} (272+? + 2V2wo2)} si} 
16x 


VEE xy 
W.,?= _ (V2.0. snd 
2 L16r 


v3r 1 
W.*' =+ (V2Q01+ 202) cos, (28b) 


216% 


if 3 
W,’= (V2. ~8) | snd cose 


V2L 16% 


The w», and Q,,,, are defined in Eq. (19). 
To consider the vector part of the polarization, we 
introduce the expectation value of the spin 


(S)=(v+-pw) /{do/dQ), (29) 


where v and w are simply related to V," and W,", as 
follows from Eqs. (5a) and (7). 

The vector v, due to unpolarized protons, is perpen- 
dicular to the plane of scattering. Its angular depend- 
ence is given by sin26/(A+cos*@). It vanishes for 0=0; 
for A~0.29, it attains its maximum value for 6= 65°. 
From (25) and (27a) we see that v is proportional to 
sinwo. The polarization v agrees with the result of 
Watson and Richman” if one allows for the fact that 
they only considered p-wave mesons. It should be noted 
that this contribution to the polarization depends only 
on p-wave mesons, and so only involves (ao—az). 

With polarized incident protons, there is a second 
contribution w to the vector polarization. In the forward 
direction, @=0, only the y-component of w differs from 
zero and moreover has a maximum. For other angles, 
w has a more complicated behavior; in particular, it 
also has a nonzero z-component. w involves both 
(ag—az) and (a;—az), i.e., it also yields information 
about the s-wave pions. 

In Fig. 1, we show the polarization (S) as a function 
of wo. Curve (A) gives the polarization from an unpolar- 
ized proton beam [i.e., 2,/(do/dQ)] in the direction 
where this polarization is a maximum. Curves (B) and 
(C) show the conttibution to the polarization due to the 
polarized part of the incident beam [i.e., w,/(do/dQ) } 
in the forward direction 6=0. The proton energy is 
315 Mev. For the parameters (23) we have taken (see 


KM. Watson and C. Richman, Phys. Rev. 83, 1256 (1951) 
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Fic. 1. y-component of the deuteron polarization (S) versus wo 
Curve (A): polarization produced by an unpolarized proton beam 
emitted in the direction of maximum polarization. Curves (B 
and (C): polarization produced by the polarized part of a com 
pletely polarized beam [p= (0,1,C)], the deuteron being emitted 
in the forward direction. The two curves (B) and (C) correspond 
to the two possible values of r;. The other components of (S) 
vanish for the cases considered. 


reference 2) a=0.14 mb, 6=1.0 mb. For X we took 
the more recent value’ X=0.082, instead of X¥=0.1 
suggested by Rosenfeld,’ and for 0 we took the value 
0.39 of Crawford et al.’ The two curves (B) and (C) 
are the result of the fact that the polarization Q does 
not determine 7;=(a;—a2), Eq. (24), unambiguously 
but only through sin[arg(d9++/})— 7; J. 

Considering the tensor polarization next, one finds 
that only the components V,*' and W,*! lead to new 
information; i.e., the particular combinations of the 
reaction amplitudes which occur in the other compo- 
nents can be expressed in terms of the parameters X, 
2, and Xo, defined above. 

To measure the deuteron polarization is clearly 
difficult. The deuteron has a threshold energy of 141 
Mev and hence is emitted nearly in the forward direc- 
tion, so that in any experiment one necessarily inte- 
grates over a wide cone in the c.m. system. The cross 
section for the reaction is small, particularly at low 
energies, and so the intensities may not be adequate 
for the additional scattering experiment required to 
analyze the deuteron polarization 

To analyze this deuteron scattering, we introduce a 
new coordinate system with the direction of the initial 
momentum of the deuteron in the laboratory system as 
this coordinate 
system will be distinguished by primes.) From general 


polar axis. (Quantities referred to 


invariance considerations it can be shown" that the 
azimuthal asymmetry of the scattered deuterons is 
given by 
T=Io+KoL.” 
+-K,{coss’(L."+pM,"")+sing’(—pLl,"+M," 
+ K,»{cos2s’(L,"’)+sin28’(M,")}, (30) 


where 


TY =Ly’+iM;”, 31) 


and 8” is the azimuthal angle of the scattered deuteron 


WW. Lakin, Phys. Rev. 98, 139 (1955 
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in the primed coordinate system. J» is the intensity for 
an unpolarized deuteron beam. The K’s and p are 
unknown functions of the scattering angle a’ of the 
deuteron and of the magnitudes of its initial and final 
momenta. A calibration, by means of a double scat- 
tering experiment, of the target used to analyze the 
deuteron beam will give the K’s. To obtain p, the 
sensitivity of the deuteron analyzer to the two types of 
polarization must be known. From (30) it follows that 
we cannot separate (7;')’ and (T;')’ by a double scat- 
tering experiment. The only unambiguous azimuthal 
asymmetry results from the terms in cos29’ and sin29’. 

One easily obtains the (7;")’ from the (7'j") for a 
general rotation of axes. If £ is the ratio of the deuteron 
velocity in the proton-proton c.m. system to the 
velocity of the center of mass, and ©, # are the angles 
of emission of the deuteron in the laboratory system of 
the pp collision, then @=¢ and 


cosO=14+O0(%), sinO=£ésinf+O0/(£), (32) 


where we used the fact that & is small even for quite 
high proton energies (E~0.04 for 315-Mev protons and 
§~0.15 for 800-Mev protons). For the component of 
interest, (7."), one then finds 


L”’ = {L?? cos2@+M? sin29} 
+£ sinO{ L2' cos6+M;' sing} +0(#), 
(33) 
M,’={—L?’ sin2o¢+M? cos29¢} 


+£ sind{ —L,' sind+M;' cosd}+O0(#). 


Hence the determination of wo requires experiments 
sufficiently accurate to measure the terms proportional 
to €sin@ in (33) (since V,** and W,** depend only on 
Xy2 and Xp). 

We briefly consider the experimental possibilities of 
measuring wo on the assumption that we have an 
analyzer for the deuteron scattering whose sensitivity 
to the vector and tensor types of polarization we know, 
i.e., p is known, so that we can deduce (S) from a 
double scattering experiment. 

Using unpolarized protons requires a double scatter- 
ing experiment. This would determine wo and the 
remaining parameters (apart from the ambiguity men- 
tioned above) if we assume the energy-dependence of 
the reaction amplitudes, Eq. (23). The simple angular 
distribution of the polarization and the fact that it is 
proportional to sinwy may allow a comparatively simple 
experiment and analysis. For example, an experiment 
might be possible where “no azimuthal asymmetry in 
the second scattering” could be interpreted as wo=0 
within the experimental error. 

Using polarized protons, one requires a triple scat- 
tering experiment. The resultant loss of intensity makes 
this a much more difficult experiment and rough 
estimates suggest that one would at any rate have to 
go to higher energies, say 600 Mev, to obtain adequate 
intensities. This experiment has the advantage that a 
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sufficiently detailed analysis of the deuteron beam 
would give information about both ao—az and a;—a; 
and consequently would allow one (possibly in con- 
junction with the first type of experiment) to determine 
the reaction amplitudes completely without assuming 
their energy dependence. However, the more compli- 
cated angular dependence might make it difficult to 
obtain sufficiently detailed information. 

One may question whether an analysis in terms of 
s- and p-waves is still adequate at the high energies 
considered above, particularly since interference effects, 
such as we are discussing, are very sensitive to small 
admixtures of states. But the fact that d-waves do not 
seem to play an important role in pion-nucleon scat- 
tering even at quite high energies, together with the 
explanation, in terms of the p; resonant state, of recent 
experiments on pion production in nucleon-nucleon 
collisions up to energies of 1 Bev, suggest that such an 
analysis may be adequate. On the other hand, the 
determination of the reaction amplitudes would be of 
particular interest near threshold because of their 
relation to the pp-scattering phases. 


5. RELATION TO THE pp-SCATTERING PHASES 


Watson" has related the phases of the amplitudes 
for photomeson production to the pion-nucleon scat- 
tering phases. Using the same method, we have related 
the meson production amplitudes in reaction (1) to 


the pp-scattering phase shifts. One obtains 


To= al 1S) —a('Dz) +nyr, 


(34) 
(t1— '2) =a(*P:)—a('D2)+ner, 

where #; and mz are integers and a(?5*'L,) is the pp- 
scattering phase in the state *5*"Z, at the energy of 
the pp-system considered. These relations are also 
stated by Gell-Mann and Watson.‘ In deriving them, 
the meson-nucleon interaction is taken as sufficiently 
weak to be treated only in first-order perturbation 
theory. This is justifiable for low meson energies for 
which all the meson-nucleon scattering phases, in- 
cluding a3, are small. In spite of this uncertainty as to 
their range of validity, relations (34) should be very 
useful in determining the pp scattering phases in the 
300-400-Mev region, once the meson production pa- 
rameters ro and 7; are known. We illustrate this in 
Fig. 2, where we have plotted ro and 7;-—2/2 versus wo 
“4S. J. Lindenbaum and L. C. L. Yuan, 1955 Rochester Con- 


ference on High Energy Nuclear Physics (to be published). 
1K. M. Watson, Phys. Rev. 95, 228 (1954). 








Fic. 2. ro and r;—90° (which are related to the pp scattering 
phases by Eq. (34)) as a function of wo. Curve (A) gives ro; 
curves (B) and (C) give the two possible values of r; which were 
used in the corresponding curves (B) and (C) of Fig. 1. 


for a proton energy of 315 Mev, using the same data 
as were used for Fig. 1. One sees that a knowledge of 
wo would quite strongly restrict the values of the three 
pp-phases concerned, particularly if wo really turns out 
to be small. The pp-phases are not sufficiently well 
known for the procedure to be reversed. Klein'* has 
analyzed the pp-data in the energy range 170 Mev- 
330 Mev in terms of s- and p-waves, using the differ- 
ential cross section, including small angle scattering, 
and the polarization. For positive polarization, as 
determined by Marshall and Marshall'’ at low energies, 
Klein obtains several sets of phase-shifts but none of 
these agree particularly well with Fig. 2. This is perhaps 
not surprising, since Klein cannot fit the 330-Mev 
polarization data in terms of s- and p-waves, as has 
already been pointed out by Fried."* 
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SECTION 1. FORMULATION AND SOLUTION 
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In many applications it is sufficiently accurate to 
employ the Bhabha-Heitler formulation of the shower 
equations if the solutions are used only somewhat 
above the critical energy. The approximations used in 
their formulation include (1) complete screening, (2) 
neglect of ionization and Compton scattering, (3) use 
of the Bethe-Heitler straggling function in which the 
ionization loss of energy by an electron or positron is 
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when ionization losses become important. 
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The solution is then 
? t 
V (t,k) = NV (0,k)e~*'+—e “f et" f(t',k)dt’, (1.07) 
k 
‘ 
where \V(0,k) is the primary spectrum of the x-ray 
beam from the accelerator. 

To find f(t,k), Bhabha and Heitler began by noting 
that the number of positrons (or electrons) in the 
energy interval (E’, E’+dE’) produced in the path 
length d?’ at by quanta in (k, k+dk) is given by 
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(1.08) 
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where, again, ky is the quantum limit of the primary 
x-ray beam. In traveling further these positrons lose 
energy by radiation (ignore ionization). The probability 
w(E’,E,)dE that the positron (or electron) has energy 
in the interval (£, E+dE) after traversing /=/—f 20 
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This function W(l,n) has the following properties (for 
proofs see Bhabha-Heitler, reference 1): 
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Combining this with (1.07) yields the fundamental 
integral equation for the photon component of the 
shower: 
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Following Bhabha and Heitler, it becomes convenient 
to introduce the following logarithmic variables: 
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The basic integral equation now reads as follows: 
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To solve this integral equation it is convenient to 
change the dependent variable slightly, as follows: 
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This integral equation can now be solved by the usual Now let »—n’=¢ replace the n’-variable, so that 
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SECTION 2. SOME NUMERICAL RESULTS 
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It is of some practical interest to carry out a numer- 
ical evaluation of the above solution (1.34)—(1.36) for 
the following special case 
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Fic. 2. A linear display of the same results as Fig. 1 X-ray spectrum of high-energy electron accelerators. 
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More accurate shapes can of course be studied if the 
need arises. 

For this case then, the result (1.36) reduces to the 
following: 
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of | has been employed. The final result is easily ob- 








Fic. 3. Illustration of the contribution of successive generations 
to the shower for fixed penetration depth, t=3.0, and various 
energies. The primary spectrum is a unit function (not shown in 
this figure 


tained from Eqs. (1.34)-(1.36) and reads 
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These functions R,(t,y) have been coded for the Naval 
Research Electronic Computer (NAREC) and results 
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have been obtained for a practical range of values of 
the variables ¢ and y. At the present time this range 
has been restricted to the following: 
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Fic. 5. Composite display of all numerical results obtained. 
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extend this range if it ever becomes necessary. The 
numerical results are compiled in Table I and five 
characteristic figures (Figs. 1-5) are included with 
appropriate descriptions. 
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A study of the daily variation of meson intensity at low latitudes 
has been conducted with counter telescopes of identical design at 
Ahmedabad and at of Kodaikanal. The 


analysis of the data shows that the semidiurnal component of 


the mountain station 


variation, like the diurnal component, undergoes significant long 


The appropriateness of a barometric coefficient 


applicable to the daily 


Long-term changes of the daily variation reveal that these are due 


term changes 


variation of meson intensity is discussed 


or attenuation of a day and a night contribution, 
diurnal in character and at 
1300 and 0300 hours, re 


to the addition 
both of 


Ahmedabad have 


which are principally 


maxima at about 
spectively 
1937 to 1952, 


Chelten 


of these findings, data from 


f Huancayo and 


For corroboratior 


from the Carnegie Institution stations 


I. INTRODUCTION 


HE current status of our experimental knowledge 
concerning the daily variation of meson intensity 
may be summarized as follows. 


(1) It is now fairly clear that the daily variation of 
barometric pressure is the only terrestrial influence of 
importance which affects the daily variation of meson 
intensity. The mean daily variations of atmospheric 
temperature and of the heights of isobaric levels near 
the 100-millibar level are both of small magnitude.' 
On account of this, the atmospheric mass absorption 
effect appears as the principal factor in the total baro- 
metric coefficient applicable to the daily variation of 
meson intensity.? 

(2) Barring rare exceptions*-* which are not yet 
reconciled, there is high negative correlation between 


the semidiurnal variations of meson intensity and of 


barometric pressure. It has been suggested by Sarabhai 
* We are indebted to the Atomic Energy Commission of India 
for generous support 


'S. V. Venkateswaran and U. D. Desai, Proc. Indian Acad 
Sci. A38, 327 (1953 
* Sarabhai, Desai, and Kane, Proc. Indian Acad. Sci. A37, 287 


(1953) 
*W. Rau, Z. Physik 114, 265 (1939); Z. Physik 116, 105 (1940) 
*V. Sarabhai, Proc. Indian Acad. Sci. A21, 66 (1945 
* Sarabhai, Desai, and Kane, Nature 171, 122 (1953) 


ham have been analyzed. While at the equatorial station of 
Huancayo, the mechanism of change of daily variation is similar 
to what is observed at Ahmedabad and Kodaikanal, there are 
some differences in detail at Cheltenham, which lies in middle 
latitudes. There is evidence that some characteristics of the daily 
variation, notably the hour of maximum of the diurnal component 
and the amplitude of the semidiurnal component, follow the 
eleven-year solar cycle of activity. However, there is an indication 
that the nature of the composite daily variation, the hour of 
maximum of the semidiurnal component, and the pattern of 
addition and attenuation of the day and night contributions 
follow a 22-year cycle of change. The activity of the day and night 
contributions in relation to solar activity is discussed. 


et al2* that the barometric coefficient derived from the 
relationship of the semidiurnal components of the daily 
variations can be applied to correct the daily variation 
of meson intensity. 

The barometric coefficient so derived by them and 
applied to the daily variation of meson intensity at 
Ahmedabad is 8= — 2.4% per cm of Hg. Other workers 
have used a coefficient derived from day-to-day varia- 
tions of meson intensity and of barometric pressure, 
and this coefficient, in general, has a value ranging from 
—1.5 to —3.0% per cm of Hg. 

(3) The solar daily variation of meson intensity, 
corrected for barometric pressure, may be designated 
by M. It has, in general, only two principal harmonic 
components. The diurnal component may be specified 
by its percentage amplitude M° and the local time of 
its maximum M@¢? expressed as an angle from midnight 
in a clockwise direction on a 24-hourly harmonic dial. 
Similarly the semidiurnal component may be specified 
by M* and M@§ respectively, in terms of a representa- 
tion on a 12-hourly harmonic dial. 

(4) The nature of M depends on the cone of incidence 
of the measured radiation and the orientation of the 
axis of the cone with respect to azimuth and zenith. 
It also depends on the mean energy of the measured 
radiation, the latitude, and the elevation of the place 
of observation. 
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The amplitude M° of the variation increases as the 
cone is made narrow.’ M® is larger at an equatorial 
mountain station than at stations at low elevation in 
high latitudes.”'* M¢@” is earlier at low latitudes than 
at high.*.7-5 It becomes earlier still at low latitudes and 
at mountain elevations.’ Directional studies*” reveal 
that M¢” at intermediate latitudes north of the equator 
is earlier for north azimuth than for south and for east 
than for west. M% is present for south azimuth but 
not for north to the same degree. 

(5) M is known to change with magnetic disturbance. 
M® increases and M@¢? is displaced to earlier hours on 
days that are magnetically disturbed."~* In contrast to 
this, M* decreases markedly.'’ The effect is more pro- 
nounced in narrow-angle telescopes than in instruments 
admitting radiation over a wide cone. 

(6) M is known to undergo an annual change."!-!2.8-*! 
Several attempts have been made to identify in this a 
true seasonal variation and a distinct contribution of a 
sidereal time daily variation. However, the two effects 
are small and the facts have not been clearly established. 

(7) M undergoes worldwide changes broadly in step 
with the eleven-year solar cycle of activity." Changes 
of the time of maximum M@¢?” are highly correlated at 
widely separated places on the earth.* Changes in M? 
are not equally consistently correlated. The change of 
activity of solar coronal emission 5303 A is best related 
to changes observed in M. 

(8) Changes in M have been shown to be related to 
changes in the nature of the daily variation of cosmic- 
ray neutron intensity.?*.”* 

There is, therefore, weighty evidence to indicate the 
existence of an anisotropy of the primary cosmic radia- 


* Sekido, Kodama, and Yagi, Repts. Ionos. Research Japan 4, 
207 (1950). 


7D. Venkatesan, Ph.D. thesis Gujarat University, 1954 
(unpublished). 

*T. Lange and S. E. Forbush, Carnegie Inst. Wash. Pub. 175 
(1948) 

*H. Alfvén and K. G. Malmfors, Arkiv Mat. Astron. Fysik 
29a, 24 (1943). 


© K. G. Malmfors, Tellus 1, 55 (1949). 

 H. Elliot and D. W. N. Dolbear, Proc. Phys. Soc. (London) 
63, 137 (1950). 

2 H. Elliot and D. W. N. Dolbear, J. Atm. and Terrest. Phys. 1, 
205 (1951) 

3H. Elliot, Progress in Cosmic Ray Physics, edited by J. G. 
Wilson (North Holland Publishing Company, Amsterdam, 1952), 
pp. 479 and 480. 

4 Y. Sekido and S. Yoshida, Repts. Ionos. Research Japan 4, 
37 (1950). 

SAR. Hogg, Measurement of Intensity of Cosmic Rays (Com- 
monwealth Observatory, Canberra, 1949), p. 67. 

6 Y, Sekido and M. Kodama, Repts. Ionos. Research Japan 6, 
111 (1952). 

17 Y, Sekido and S. Yoshida, Repts. Ionos. Research Japan 5, 
43 (1951). 

18 J. L. Thompson, Phys. Rev. 55, 11 (1939). 

“#S. E. Forbush, Phys. Rev. 52, 1254 (1937). 

%® A. Duperier, Nature 158, 196 (1946). 

* A. R. Hogg, J Atm. and Terrest. Phys. 1, 114 (1950). 

2 V. Sarabhai and R. P. Kane, Phys. Rev. 90, 204 (1953). 

% Sarabhai, Desai, and Venkatesan, Phys. Rev. 96, 469 (1954). 

% T. Thambyahpillai and H. Elliot, Nature 171, 918 (1953). 

% Firor, Fonger, and Simpson, Phys. Rev. 94, 1031 (1954). 

* HV. Neher and S. E. Forbush, Phys. Rev. 87, 889 (1952). 


COSMIC RADIATION 1491 
tion which is under solar control. Of the suggestions put 
forward to explain this, perhaps two have to be seriously 
considered. There is the possibility of continuous solar 
emission of particles of cosmic-ray energies.” Then there 
are processes” such as those suggested by Alfvén, by 
which emission of particles of inferior energy from the 
sun can disturb the isotropy of primary cosmic radia- 
tion, itself originating outside the solar system. Under 
certain circumstances, both processes may be operative. 
Further progress in our understanding of this important 
problem is now dependent on a closer examination of 
the finer features of changes in M occurring with time, 
and of the nature of M observed at different stations 
and under differing experimental conditions 

The influence of the anisotropy of the primary cosmic 
radiation on an apparatus fixed to the spinning earth 
is best observed with directional telescopes. A project 
was therefore commenced some years ago at the Physi- 
cal Research Laboratory, Ahmedabad, for continuous 
measurement of the meson intensity with counter 
telescopes of standardized geometry at stations in 
low latitudes. One station has been in operation at 
Ahmedabad (latitude 23°02’ N, longitude 72° 38’ E, 
geomagnetic latitude 13° N, altitude 180 ft above sea 
level) since September, 1950. Another was started in 
June, 1951 at the mountain station of Kodaikanal 
(latitude 10° 14’ N, longitude 77° 28’ E, geomagnetic 
latitude 1° N, altitude 7688 ft above sea level). A third 
has recently been started at Trivandrum (latitude 
8° 30’ N, longitude 76° 55’ E, geomagnetic latitude 1° N, 
altitude sea level). Details of the apparatus and early 
results from the first two stations have been previously 
reported.® We are now able to present a more com- 
prehensive picture of the daily variation of meson 
intensity at low latitudes. Changes in M observed 
during the past four years reveal new and interesting 
features and we have attempted to find corroboration 
for our findings in the Carnegie Institution data extend- 
ing over a much longer period of time. 


Il. EXPERIMENTAL METHOD AND NOMENCLATURE 


The standardized instrument, consisting of duplicate 
independent sets of two triple-coincidence counter 
telescopes in each set, has been described elsewhere? 
The telescopes subtend a semiangle of 22° in the E-W 
plane and a semiangle of 37° in the N-S plane. Each 
counter tray has a sensitive area of about 600 sq cm 
and the mean bihourly rate of a telescope is about 
3400 counts at Ahmedabad and about 4000 counts at 
Kodaikanal. The monthly mean solar daily variation of 
meson intensity is denoted by *M. It relates to the 
percentage bihourly deviations from the monthly mean 
cosmic-ray intensity measured with an absorber equiva- 
lent in thickness of lead from 7 to 15 cm. For 


* H. Altvén. See E, A. Brunberg and A. Dattner, Tellus 6, 73 
(1954). 
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mean M for each month in calculating the 12-monthly 
mean M. However, where there is complete absence of 
data in a particular month as at Ahmedabad in the 
month of August, 1952, the 12-monthly means involving 
this month relate only to data for eleven months instead 
of the usual 12 months. 

In discussing the characteristics of the daily variation 
of meson intensity, it is advantageous to smooth out 
random irregularities in M. Since the main contribution 
to M is known to be due to only the first two harmonic 
components, we frequently derive a smoothed °M by 
building up bihourly percentage deviations from mean 
by superposition of the first and the second harmonic 
components. 

Changes of the daily variation may be considered by 
looking at either the composite variation °M or the 
amplitudes and times of maximum of its first two 
harmonic components. We express by A M (49.VI 

48.VI) the 12-monthly mean 
daily variations centered at June, 1949 and at June, 
1948. This is obtained by subtracting respective bi- 


difference between 


hourly percentage deviations from mean for 4s.v1°M 
from those for 49 v1°M. 

For the daily variation of barometric pressure, we use 
the letter P in place of the letter M. The conventions 
adopted in this terminology are summarized in Table I. 


Ill. BAROMETRIC PRESSURE CORRECTION FOR THE 
DAILY VARIATION OF MESON INTENSITY 


Sarabhai ef al. have earlier drawn attention to the 
high negative correlation between the semidiurnal com- 
ponents of *M4 and P,. On the assumption that the 
principal effect of an anisotropy of the primary radiation 
would be to produce a diurnal variation of the meson 
intensity, they attributed the semidiurnal variation 
entirely to the semidiurnal oscillation of the atmosphere. 
\ barometric coefficient was then derived by them from 
the semidiurnal components of *M4 and P4. 

In Fig. 1, we indicate the 12-monthly mean values 
“75. *Me%. Ps. 


months. Figure 1 


and P¢* centered at successive 
refers to made at 
Ahmedabad during the period October, 1950 to June, 
1953, and to observations made at Kodaikanal from 
May, 1952 to June, 1954. The correlation coefficient r 
between the semidiurnal components of *M and P, and 
the apparent barometric coefficient 8 calculated from 


observations 


them, are also shown in the figure. 
Since we are now considering 12-monthly mean values 


centered at successive months, seasonal changes would 


not be revealed. cording to the 


As is to be expected a 
theory of atmospheric tides, there is great constancy of 
the semidiurna! oscillation of barometric pressure repre- 
sented by PS and Po’. However, *M5 and *M¢* show 
significant and large changes. In consequence, r as well 
as the apparent barometric coefficient 8 undergo long 
term changes. At Ahmedabad, the correlation coefficient 


r ranges from — 1.00 to —0.79 and 8 has values ranging 





ANISOTROPY OF 
from —4.6°%) to 2.1% per cm of mercury. At 
Kodaikanal similarly, values of r range from — 1.00 to 
—0.93 and of 8 from — 6.4 to — 3.5% per cm of mercury. 
Since on physical considerations, it is difficult to 
imagine long term changes of the 12-monthly mean 
barometric coefficient of meson intensity, it is clear 
that contrary to our original belief, the semidiurnal 
variation of *M cannot be completely ascribed to the 
semidiurnal oscillation of P. We must conclude that 
there is a significant semidiurnal contribution in *M 
which is not of meteorological origin and may be 
ascribed to the anisotropy of primary cosmic rays. This 
agrees with the observation of Elliot and Dolbear™ 
from directional studies made at Manchester. We can 
further state that like the diurnal component of M, 
the semidiurnal component also undergoes significant 
changes with time. The observation by Sekido and 
Yoshida" 
of the daily variation of meson intensity during mag- 
netically disturbed days fits in with this view. 
Sarabhai e/ al.* have reported a nonsignificant positive 
value r= +0.29 for Kodaikan: 
from July to October, 1951. In Table II, we give the 
values of the three-monthly meanr and§ at Kodaikanal. 
These have been obtained after taking moving averages 


of the change in the semidiurnal component 
il for the data of 4 months 


of three successive monthly values of the semidiurnal 


components of *Mx and Px. Not only are these three- 
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Taste II. Correlation coefficient r and barometric coefficient 8 
calculated from three-monthly mean values of the semidiurnal 
components of *Mx and Px. 
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monthly mean values subject to larger random errors 
than the 12 monthly means, but they also include 12- 
monthly changes in addition to long-term changes. The 
table reveals the interesting fact that there are periods 
during which r has a low negative value. 

Our present work clearly demonstrates that the 
barometric coefficient 8, derived from the semidiurnal 
components of *M and P, can be in error due to a semi- 
diurnal contribution of the anisotropy of cosmic radia- 
tion. Experimental studies by Dolbear and Elliot,” 
Duperier,” and Trumpy and Trefall® and theoretical 
calculations by Olbert® reveal that 8 is related to a 
mass absorption coefficient yw, a decay coefficient yp’, 
and a temperature coefficient a. Hence values of 8 alter 
as a result of variation in the pattern of changes in the 
vertical distribution of atmospheric temperature that 
accompany changes of barometric pressure. 

While the daily variation of barometric pressure 
results from the diurnal heating of the layers near the 
ground and the excitation of resonant oscillations of 
the atmosphere, the nonperiodic changes of pressure 
are accompanied by quite different alterations of the 
temperature distribution of the atmosphere. On physical 
ground therefore, there is little justification to apply, 
to the daily variation, a 6 derived from day-to-day or 
nonperiodic changes of meson intensity and of baro- 
metric pressure. 

In the absence of an experimental determination of 
a 8 appropriate for correcting the daily variation of 
meson intensity, we have to fall back on making an 
estimate of its value, partly on experimental and partly 
on theoretical considerations, from a knowledge of the 


* 1). W. N. Dolbear and H. Elliot, J. Atm. and Terrest. Phys 
1, 215 (1951 

” A. Duperier, Proc. Phys. Soc. (London) A62, 684 (1949) 

* B. Trumpy and H. Trefall, Physica 19, 636 (1953). 

*S. Olbert, Phys. Rev. 92, 454 (1953) 
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of *M a 8 which has a negligible contribution of the 
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Hg for 8 may be considered to be the reasonable limits 
within which the true coefficient applicable to the daily 
variation of meson intensity is expected to lie. This is 
because @ is expected to be greater than yu, but less than 
the value of the barometric coefficient measured in day- 
to-day changes where all the three factors are operative. 
It is seen that at both places, the limiting values of 8 
make little difference to the resulting M. Without 
making a distinction between applicability to day-to- 
day changes and to daily changes, Forbush has justified 
the use of B= —3.0°%, per cm of Hg at Huancayo, and 
8=—1.8% per cm of Hg at Cheltenham, Christchurch, 
and Godhavn. 

Until a better evaluation is possible, we consider it 
reasonable to apply 8= —2.2% per cm of Hg to our 
data. In what follows, we have used this value for 
observations at Ahmedabad as well as at Kodaikanal. 


TaBLE V. First and second harmonics of 12-monthly mean 
daily variation of meson intensity at Kodaikanal, corrected for 
barometric pressure. 


Year and Mx? Mrs es 
month // Mor % Meox«* 
52.X 0.60 52 0.25 173° 
XI 0.61 50 0.27 165° 
XII 0.64 57 0.32 166 
53.1 0.76 56 0.34 163 
II 0.78 46 0.29 155 
Ill 0.82 l 0.28 153 
IV 0.83 40 0.28 159 
V O.85 36 0.30 156 
VI 0.84 6 0.25 154 
VII 0.81 37 0.21 151 
VIII 0.77 33 0.19 144 
IX 0.78 28 0.15 152 
X 0.79 29 0.14 144 
xI 0.80 30 0.14 168° 
XII 0.82 29 0.12 175° 


IV. LONG-TERM CHANGES OF THE HARMONIC 
COMPONENTS OF THE DAILY VARIATION OF 
MESON INTENSITY, CORRECTED FOR 
BAROMETRIC PRESSURE 


We have reported earlier™ the characteristics of long- 
term changes in M? and M@? at the Carnegie Institu- 
tion stations of Huancayo, Cheltenham, and Christ- 
church, and the relationship of these changes to the 
solar cycle of activity. Where M is measured with 
directional telescopes, the diurnal and semidiurnal com- 
ponents have greater amplitudes than are observed with 
ionization chambers and it is therefore of interest to 
look for similar changes in our data. In Tables IV and V 
we give values of M°, Mo”, M%, and M¢4 during the 
entire period of observation at Ahmedabad and at 
Kodaikanal]. In Figs. 3(a) and 3(b), we show, with the 
aid of harmonic dial representation, the changes in the 
diurnal and semidiurnal components of M at the two 
stations. Because of shifting the laboratory at Ahmeda- 
bad towards the latter part of 1953, there is an unfortu- 
nate break of continuous data. 12-monthly mean values 
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Fic. 3(a). Harmonic dial showing the movement of the first 
harmonic of the 12-monthly mean daily variation of meson 
intensity M4? at Ahmedabad and Mx” at Kodaikanal, (b) Har 
monic dial showing the movement of the second harmonic of the 


12-monthly mean_daily variation of meson intensity M4* at 
Ss 


Ahmedabad and Mx at Kodaikanal 

at Ahmedabad are available for periods centered up to 
December, 1952, while at Kodaikanal they commence 
from October, 1952. Thus, even though the units at 
Ahmedabad and at Kodaikanal were simultaneously in 
operation for a period of 14 months, there is overlapp- 
ing data for 12-monthly means for only 3 months. 
We are hence unable to compare the time series at the 
two places. 
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regression equation: 
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observed with the counter telescope may well have been 
larger if the instrument was at a mountain station like 
Huancayo instead of being at sea level. It is clear from 
hat changes of M¢@” from different types 
of instruments cannot be directly compared. The 
putting together of data, on a common diagram with- 
out appropriate normalization, from counter telescopes 
and ionization chambers as has been done by Tham- 
byahpillai and Elliot™ is therefore not justified. 


this evidence 1 


V. THE CHANGE OF 12-MONTHLY MEAN DAILY 
VARIATION OF MESON INTENSITY AT 
AHMEDABAD AND KODAIKANAL 

The change taking place in M4 during the period 
March, 1951 to December, 1952 is quite remarkable. 
Reference to Table IV reveals that the notable increase 
of M4” from 0.24 to 0.70% is accompanied by an almost 
parallel increase of M45 from 0.07 to 0.21%. Simul- 
taneously M4” advances to an earlier time by as much 
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is six hours, and M¢@,°* becomes later by nine hours. 
get a better insight into the phenomenon if 


We can 
instead of considering changes in th 


e harmonic com- 


ponents of the daily variation, we look at changes in 
of 


correcting for barometric pressure. We could for this 


the unresolved daily variation after 
purpose use M, but in order to smooth out random 
fluctuations we use M° formed by the superposition of 
the first two harmonic components of M. In Fig. 5, we 


show °“M, centered at successive epochs separated by 
3 months. The 12-monthly changes A°M,, also shown 
1 the figure, relate to the difference between the 12- 


curves °M at epor hs separated by one 


M to 


monthly mean 

vear. Thus the 12-monthly change from 5.171 
1° M is expressed by A M (52.111—51.111). 
It is clearly seen that 5; v1°M; is mainly diurnal with 

4 maximum 1100 hours. However, a new 

diurnal contribution is added to it with a maximum 


about 


at 
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near 0300 hours, so that about 8 to 9 months later we 
have a double-humped curve. During the subsequent 
6 months, the day time diurnal contribution gets 
attenuated and s2.x1°M.4 has once again a mainly 
diurnal character but with a maximum in the early 
morning. From the curves for A°M,4 shown alongside, 
it is seen that the radical changes taking place in A°M 4 
may beJlooked upon as caused by changes in the 
comparative magnitudes of two distinct contributions 
to the daily variation. These contributions are prin- 
cipally diurnal in character but each has a characteristic 
time of maximum which remains comparatively con- 
stant. The maximum of the first contribution occurs at 
about 0300 hours and of the second at about 1300 
hours local time at Ahmedabad. 

In Fig. 6 we show similarly the changes in Mx and 
A°M« at Kodaikanal. During the period covered by 
Kodaikanal data, less violet changes have occurred 
than during the immediately preceding 18 months at 
Ahmedabad. In °Mx for most of the period, only the 
maximum at about 0400 hours undergoes change of 
amplitude without an appreciable shift of the local 
time at which it occurs. In A°M x, we have evidence of 
an early morning diurnal contribution which has a 
maximum almost at midnight and a second much 
smaller diurnal contribution maximum near 
noon. Thus it appears that at Kodaikanal both con- 
tributions have maximum intensity at an earlier hour 
than at Ahmedabad. 


with a 


VI. CHANGE IN THE 12-MONTHLY MEAN DAILY 
VARIATION OF MESON INTENSITY AT 
HUANCAYO AND CHELTENHAM 


In order to confirm the view we have reached about 
the manner in which °M changes at Ahmedabad and 
Kodaikanal, we can examine Carnegie Institution data 
from 1937 to 1952. The long term changes in M” and 
Mo” have been described by us elsewhere.” Figure 7 
shows the time series for MS and M¢@* at Huancayo 
and Cheltenham. The change of 12-monthly mean 
relative sunspot number R is also shown therein. 

With ionization chambers the semidiurnal component 
of the daily variation of meson intensity, corrected for 
barometric pressure, is small and in general not much 
significance can be attached to small changes in it. 
While this is consistently so at Cheltenham and Christ- 
latitudes, 
changes in the semidiurnal component occur at the 


church, which are in middle substantial 
equatorial station of Huancayo, where the figure clearly 
reveals a continuous trend over the years. My* is 
generally greater during sunspot maxima than during 
years of low activity, and it follows approximately the 
variation of the relative sunspot number R. However, 
correspondence with the eleven-year solar cycle of 
activity which is so clearly discernible in the time series 
for M¢”, is not visible in changes in the time of maxi- 
mum of the semidiurna] component of the daily varia- 
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Fic. 6. The 12-monthly mean daily variation “Mx at Ko 
daikanal centered at successive epochs and the year-to-year 


differences A°M x 


tion. On the other hand, M@,* shifts steadily to later 
hours by as much as 5 hours in the period 1938 to 1950. 

In view of significant changes in the semidiurnal 
component at Huancayo, it is interesting to look at 
changes of the total daily variation °M. Figure 8 
relating to the equatorial station of Huancayo reveals 
the most striking changes that take place from year to 
year in the 12-monthly mean daily variation of meson 
intensity °M. The variation which is predominantly 
diurnal in character with a maximum around noon in 
the period 1939-1941, has progressively a new com- 
ponent added to it in the following six to seven years. 
This component may be considered to have a pre- 
dominant diurnal character but with a maximum 
around 0100 hours. During 1946-1948, as a result of the 
day and the night components being both present to an 
almost equal degree, the daily variation °M appears as a 
double-humped curve. In the following years, the day 
component gets progressively attenuated with the result 
that in 1952 we are left once again with °M which has 
mainly a diurnal character. the 
difference between this and the earlier curve of 1940 is 
that the maximum now occurs in the night instead of 
during the day. The period separating these two types 
of daily variation curves is about 11 years, but un- 


However, essential 


doubtedly the cycle of change is not complete and at 
first sight it would appear that in this period we are 
only going through half the cycle. While there is in the 
time series for Mg? a period corresponding to the 
normal solar cycle of activity, the daily variation as a 
whole might still undergo a 22-year cycle of change. 

Another interesting feature revealed in Fig. 8 is that 
while the time of maximum of the day component re- 
mains almost stationary near 1300 hours from 1937 to 
1944, it shifts significantly to later hours during the 
period 1944 to 1948. The night component also follows 
a similar shift to later hours during 1944 to 1948. 

The changes in °M at Cheltenham, representative of a 
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changes are not as striking as at Huancayo. While Me 


never has a pronounced second maximum as is observed 


1 i j j 


49 50 5! 52 53 
of 12-monthl 


hly mean daily 
idicated by @ an 


45 46 47 48 
W4° of the semidiurnal! 


Tt esu 


component 
its from 


Huancayo are ir 1 those from 


in “My during some years, noteworthy changes are seen 
to occur both in its magnitude and form. Since the semi- 
diurnal component of the daily variation is small at 
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Fic. 8. The 12-monthly mean daily variations “My at Huancayo 
centered on June of each year, from 1937 to 1952. 


Cheltenham, it is of course to be expected that the 
observation of the changes in °M cannot be much more 
revealing than study of the changes of the amplitude 
and the time of maximum of only the first harmonic 
component of the variation. 

We can now examine the year to year difference 
curves A°M at Huancayo. These are shown in Fig. 10. 
We have seen earlier that there is reason to believe that 
the changes in °M, at least at low latitudes, take place 
due to additions or subtractions of two mainly diurnal 
contributions, one having a maximum in the daytime 
and the other at night. To study the form of these con- 
tributions we take the year to year difference by sub- 
tracting “M for each year from the one for the pre- 
ceding year. Normally therefore we have A°M ((x+1).y 

-x.y). However, in periods where the contributions are 
getting attenuated, we get difference curves which are 
reversed in relation to the curves for the periods where 
the contributions are increasing from year to year. To 
facilitate visual comparison of the curves, we therefore 
take the differences A°M (x.y—(x+1).y) wherever there 
is an indication that attenuation of the contributions is 
taking place. Such difference curves are drawn with 
dotted lines. 

Figure 10 shows that at Huancayo, A °M is composed 
of two contributions, one having a night and the other 
a daytime maximum, just as we have found at 
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Fic. 9, The 12-monthly mean daily variations °*M¢ at Cheltenham 
centered on June of each year, from 1938 to 1952. 


Ahmedabad and Kodaikanal. It may be argued that 
had we changed the sign of all our differences, we would 
conclude that the two contributions are at 0600 and at 
1800 hours. Such a view can be legitimately taken if we 
look at only the difference curves A°M. However, if we 
wish to have a simple explanation of the °M curves 
also on the basis of similar contributions, we have 
clearly no choice but to reject this alternative manner of 
picturing the physical mechanism of the change of the 
daily variation of meson intensity. 


VII. THE RELATIONSHIP OF CHANGE OF 12-MONTHLY 
MEAN DAILY VARIATION OF MESON INTENSITY 
WITH THE SOLAR CYCLE OF ACTIVITY 


The year-to-year changes of °My are generally small 
and it is therefore advantageous to group together 
several years where there is indication of similar changes 
having occurred. By examination of Fig. 8 relating to 
Huancayo, it is clear that the entire period from 1937 
to 1952 may be divided into six groups. The first group 
extends from 1937 to 1942 during diminishing solar 
activity. The second and third groups relate to the 
period 1942 to 1944 near sunspot minimum when 
violent changes have occurred in “My. The fourth 
group extends from 1944 to 1947 during increasing solar 
activity and the fifth group to the period 1947 to 1951 
when solar activity diminishes after reaching a maxi- 
mum. The last group including the years 1951, 1952 
represents the period just preceding sunspot minimum. 

In Fig. 11(a) we show the difference curves repre- 
senting the change of °My for the pairs of years at the 
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g each group 
to Cheltenham. 
respect to those 


t 0500 hours and a day contribu- 
However, both contributions are 
it Huancayo and instead of charac- 
umped curves, we observe distorted or 
val curves. The change of form of differ- 
urves with solar cycle is broadly similar to what 
e observe at Huan ayo 
We can see fr the foregoing that there are three 
iS] types of cl inges that take place In M. In the 
t th contributions are active. In the second 
tion is individually active, while in the 
night contribution is active. The six 
earlier can therefore be reduced to 
ng groups one, four and five; two and 
e as before. Since we are interested in 
ibutions in each type, we neglect the 
‘ir addition or attenuation and alge- 
uperimpose the curves as shown in Figs. 11 (a) 
11(b). The values so obtained in each type are then 
livided by the number of year to year changes that are 
involved in the period covered by the type. Thus we 
finally obtain the form of the mean year-to-year change 
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for each type. These are shown for Huancayo and for 
Cheltenham in Figs. 12(a) and 12(b). 

It will be realized that the mean year-to-year differ- 
ence curve of type 1 is an abstraction of what may be 
supposed to take place repeatedly over a period of years. 
In fact, there is not a uniform change every year by an 
amount corresponding to the curve shown. Reference 
to Fig. 10 reveals that the magnitude of the change is 
much greater in some years than in others. 

The position of the maxima in the type 2 and type 3 
curves correspond almost exactly with the two maxima 
of the type 1 curve. The concept of the day and the 
night contributions being responsible for the change of 

M appears therefore to be well borne out. A further 
insight into the rapid and striking change from the 
activity of the day contribution to the activity of the 
night contribution approaching the year of minimum 
solar activity is obtained by following the changes in 
My at epochs separated by three months. These are 
shown in Fig. 13, where we can clearly follow in A My 
the progressive attenuation of the day contribution and 
the addition of the night contribution over the period 
of 18 months. But this type of change occurs only near 
sunspot minimum, and for the rest of the solar cycle 
the two contributions are added or attenuated simul- 
taneously. It is noteworthy that the amplitude of the 
mean year-to-year difference curve is greatest for type 3. 
There is great similarity of the difference curves at 
Huancayo and Cheltenham in types 2 and 3. However, 
the maxima in both types occur a little later by about 


2 to 4 hours at Cheltenham than at Huancayo. 
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Fic. 12. Mean year-to-year difference curves representing three 


types of changes. Figure 12(a) refers to Huancayo and Fig. 12(b) 
to Cheltenhan 
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VIII. CONCLUSIONS 


The study of the daily variation of meson intensity 
with counter telescopes at low latitudes has revealed 
new and important features which have a bearing on its 
interpretation. These may be summarized as follows: 


(1) The semidiurnal component of the daily variation 
of meson intensity is not only due to the semidiurnal 
variation of barometric pressure, but also arises from 
the anisotropy of the primary cosmic radiation. In- 
stances*’ where the correlation between the semidiurnal 
components of *M and P is positive may therefore 
arise when the semidiurnal effect of the anisotropy is in 
opposition to and larger than the semidiurnal effect of 
the change of the barometric pressure. 

(2) There is no satisfactory experimental determi- 
nation at the present moment of 8, the barometric 
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or attenuated. However, just preceding sunspot mini- 
mum there is a brief period when only the day con- 
tribution is active. This is immediately followed by a 
short period when only the night contribution is active. 
The pattern of addition and attenuation of the con- 
tributions appears to get reversed after 11 years. 
9) The amplitude of the semidiurnal component of 

M,, changes in a general way like the changes in the 
tive sunspot number R. Thus at low latitudes °MS 
M¢°” exhibit an eleven year cycle of change. 

(10) The changes of °M¢% and of °M indicate that in 
eleven years perhaps only half the cycle of change is 
completed and the complete period may extend to 


rel: 


1 
and 


22 years. 

11) The changes of M@” recorded by a counter 
telescope of moderate aperture are much greater than 
what are revealed by an omnidirectional instrument 
such as an ionization chamber. Thus in regard to both 
the magnitude of the daily variation as well as to its 
changes, an instrument with directional sensitivity 
offers advantages over one with omnidirectional charac- 


eristics 


The phenomological study of long-term changes of 
the daily variation of meson intensity has prompted a 
quantitative evaluation of changes of the day and the 
night contributions and their relationship with solar 
activity. The results of this analysis will be presented in 
a later communication. 
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The elastic scattering peak in carbon-12 is accompanied by a number of additional peaks corresponding 
to inelastic scattering of electrons from the various excited levels of the carbon nucleus. Three levels have 
been investigated by this method and correspond to the three known states at 4.43 Mev, 7.68 Mev, and 
9.61 Mev. Angular distributions of the inelastically-scattered electrons have been obtained as well as the 
angular distribution of the elastically-scattered electrons. The angular distributions of the inelastic peaks 
fall off less steeply with angle than the elastic peak. By comparing the scattering from carbon with scat- 
tering from the proton, and using the theoretical value of the cross section of electrons scattered from the 
proton, it is possible to obtain “absolute” values for the elastic and inelastic scattering cross sections. 
From the elastic-scattering curve, information about the size and charge distribution in the carbon-12 


nucleus may be derived 


The charge distribution lies halfway between a Gaussian and a uniform model. 


The root mean square radius of the resultant charge distribution is (2.40+0.25)K10™ cm. 
1 z 


I. INTRODUCTION 


HE study of electron scattering at high energies 

(100-200 Mev) has led to certain conclusions 
about the electromagnetic size of nuclei and to inter- 
esting information about the variation of charge 
density near the surface of the nucleus.’ Recently it 
has been shown that electrons may be scattered from 
nuclei inelastically as well as elastically and that sharp 
peaks corresponding to nuclear levels accompany the 
elastic peak. We have thought it worthwhile to make a 
more intensive study of such inelastic and elastic 
structure at various angles of scattering in a light, well- 
known nucleus. In this way phenomenological infor- 
mation about the behavior of the inelastic scattering 
might be obtained and could assist possible theoretical 
interpretations of the experimental data.*? Carbon-12 
seemed an idea! nucleus in view of the large amount 
of information available in the literature on its excited 
levels. Furthermore, there is considerable interest in 
the nature of the second level at 7.68 Mev both in regard 
to the type of transition (probably 0*—0*) and to its 
influence in the production of stellar energy. 


Il. APPARATUS 


The apparatus used in these studies has been de- 
scribed in two previous publications.'* Several improve- 
ments have been made, as follows: 


* The research reported in this document was supported jointly 
by the Office of Naval Research and the U. S. Atomic Energy 
Commission, and by the U. S. Air Force through the Office of 
Scientific Research of the Air Research and Development 
Command 

t Aided by a grant from the Research Corporation. 

¢ International Business Machines Fellow for the year 1954-55. 

! Hofstadter, Fechter, and McIntyre, Phys. Rev. 91, 422 
(1953) ; 92, 978 (1953). 

? Hofstadter, Hahn, Knudsen, and McIntyre, Phys. Rev. 95, 
512 (1954). 

+ D. G. Ravenhall and D. R. Yennie, Phys. Rev. 96, 239 (1954) 

‘D. L. Hill and K. Ford (private communication). 

* McIntyre, Hahn, and Hofstadter, Phys. Rev. 94, 1084 (1954) 

*L. L. Schiff, Phys. Rev. 96, 765 (1954); Phys. Rev. 98, 1281 
(1955). 

7C. J. Mullin and E. Guth, Phys. Rev. 98, 277(A) (1955). 


(1) The slits at the entrance and exit of the magnet 
are now remotely controlled. 

(2) The lining up of the beam has been greatly 
facilitated by the use of a luminescent crystal placed on 
the axis of the scattering system and viewed by a 
system of mirror (or mirrors) and telescope. The latter 
is placed in the laboratory room where the counting is 
carried on. Thallium-activated cesium bromide has 
proved very successful in this application and exhibits 
a bright green glow which can be seen even at fifty feet 
without the telescope. The crystal darkens surprisingly 
little under intense electron bombardment. Thallium- 
activated potassium iodide has also been used but is 
not ‘as useful as the cesium bromide. The viewing 
system was suggested and perfected by A. W. Knudsen. 

(3) A device has been installed to calibrate the photo- 
multiplier-Cerenkov counter system. The Cerenkov 
counter is used as the detector of the analyzed electrons. 
A radioactive source (actually the uranium slit-jaw 
at the exit of the spectrometer) provides gamma rays 
which impinge on an anthracene crystal. The anthra- 
cene crystal is situated on a movable plate which slides 
the crystal either in front of the entrance to the Cerenkov 
counter or removes it and substitutes a thin aluminum 
window through which the scattered electrons pass into 
the Cerenkov counter after emerging from the magnetic 
analyzer. Thus, when it is desired to calibrate the 
counter system, the anthracene crystal is moved in 
front of the Cerenkov counter (now acting as a light 
pipe) and the number of counts is recorded for a given 
interval of time. After checking, the anthracene is 
moved out of the way by remote control and the system 
is ready to receive electrons through the thin window. 
Under the optical conditions prevailing, the anthracene 
pulses are quite similar in size to the Cerenkov pulses 
from the high-energy electrons. The details of this 
calibration scheme were worked out by E. E. Chambers 
and B. Chambers. 

(4) A secondary emitter has been installed for beam 
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In Figs. 1 and 2 we show two typical runs of the 
elastic and inelastic peaks at a given angle and at a 
given energy (187 Mev). In Fig. 3 we give a set of 
elastic peaks at a given incident energy at the various 
angles studied. Also given in Fig. 3 is a comparison 
proton peak which has been used for normalization of 
the carbon data. It will be noticed that the carbon peaks 
shift slightly in energy as the angle of scattering is 
changed. This effect has been noticed previously’ and 
is due to a combination of recoil of the carbon nucleus 
and energy loss in the scattering layer. In these experi- 
ments the target plane was rotated so that the normal 
to the target always bisected the angle of scattering. 
The thickness of the target in the beam was therefore 
variable and apovropriate correction was made in 
reduction of the data. The large shift in energy of the 
proton peak may also be noted. This shift has also been 
observed previously.' In all the runs the angular width 
accepted by the spectrometer was +1.3° 

In these experiments the exit slit was maintained at 
constant width during all the runs. Thus the slit 
selected a fixed percentage of the particular energy at 
which the spectrometer was set. Consequently, the 
absolute energy interval accepted by the exit slit varies 
since the peaks appear at slightly different energies at 
the various angles. Curves taken with a wide (energy 
slit give proportionately more counts in the peak than 
those curves taken with a narrow (energy) slit. There- 
fore a correction has to be applied to the raw data. In 
the case of the carbon peaks the correction is less than 
one percent over the range of angles studied. In the case 
of hydrogen, however, the largest correction amounts 
to approximately seven percent. 

[he inelastic peaks appear to “ride” on the brems- 
strahlung tail of the elastic peak. This tail falls off 


approximately as the reciprocal of the energy interval 


between a given energy and that of the elastic peak. 
4 subtraction of the background in the tail is required 
in order to obtain the ordinate of the inelastic peak. In 
most cases it has not proved more accurate to use the 
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id inelastic peaks at 187 Mev in carbon at a 


scattering angle of 90 
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1/E dependence in estimating the bremsstrahlung tail, 
than sketching in the background by inspection of the 
regions higher and lower in energy than the inelastic 
peak and continuing this background under the peak. 
The latter procedure has been used in estimating the 
inelastic scattering. 


IV. RESULTS 
A. Inelastic Data 


Data have been taken at three energies: 187 Mev, 
150 Mev, and 80 Mev. The data at 187 Mev are the 
most extensive. At 80 Mev very few data have been 
obtained because of the difficulty in seeing the inelastic 
peaks over the bremsstrahlung tails of the elastic peaks. 

The 187-Mev data are summarized in Fig. 4. This 
figure shows the angular distributions of the elastic 
scattering (Curve A) the distributions of the 
inelastic scatterings corresponding to the three inelastic 
levels (Curve B, 4.43 Mev; Curve C, 7.68 Mev; and 
Curve D, 9.61 Mev). Table I also gives a summary of 
the data shown in Fig. 4. The cross sections are given 
in absolute units because of the normalization made in 


and 


terms of the theoretical cross section of electron scat- 
tering from the proton. 

A word of explanation is necessary here. In using the 
theoretical cross section for hydrogen, the formula of 
We have employed his 
(anomalous 


Rosenbluth’ has been used 


point-charge and point-magnetic moment 
value 
results obtained recently in this laboratory." Finally 


approximation, except as modified slightly by 


the radiative correction of Schwinger” has been applied 
to the hydrogen data. The latter correction amounts to 
a decrease of approximately 15 percent at 187 Mev for 
the 3-Mev band width of the hydrogen peak used in 


our normalization. For example, the hydrogen cross 


UNITS 


OuNTS (ARB: TRARY 
we 


inaident 


energy oi 

187 Mev and at various angles of scattering. The elastic scattering 

curve for the prot ms in polvethylene » shown at a scattering 

of 80 The greater he proton peak is due 
t reco 


nder the hydrogen 


angle 
principall » recoil efiect 


peak is taken from another rur 


“” M. Rosenbluth, Phys Rev 79, 615 (1950 
 R. Hofstadter and R. McAllister, Phys. Rev. 98, 217 (1955 
2 J. Schwinger, Phys. Rev. 75, 898 (1949) ; 76, 790 (1949) 
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Fic. 4. The angular distributions of the elastic and inelasti 
peaks at 187 Mev in carbon. The absolute cross sections have been 
obtained by the proton-normalization method discussed in the 


text 


and inelastic scattering peaks 
incident 


Tape I. Cross section of elastic 


microbarns per steradian for various angles at an 
7 Mev 


rgy of 18 rhe radiative correction is included 


7.68 Mev 9.61 Mev 


1.05+0.22 0.49+0.20 
0.24+0.10 
0.44+4-0.08 
0.39-+4-0,09 
0.49+-0.07 
0.144+0.035 
0.180+-0.027 
0.080-4-0.025 
0.0924-0.017 
0.038 40.010 
0.051+0.016 
0.021+4-0.005 
0.013 4+-0.006 


0.19+-0.09 


0.24+-0.07 
0.39-4-0.08 
0.12140.030 
0.14140.024 
0.133+0.035 
0.127+0.019 
0.068 4-0.012 
0.075+0.013 
0.0434-0.010 
0.058+4-0.010 


+-0).38 

0.086 
+0.063 
0.050 
0.025 
+ 0.034 
0.021 
0.017 


+0.11 
+-0.028 


0.1994-0.014 0.17 


0.157 


section at 50° is 3.6X10~” cm*/sterad and with the 
radiative correction it becomes 3.0 10~” cm*/sterad. 
This means that the carbon cross sections computed 
from these figures include a radiative correction. 

Data similar to those in Fig. 4 are presented in Fig. 5 
for the case of 150 Mev. Table II gives the correspond- 
ing summary of data. Figure 6 shows a typical run 
taken at 90° at this energy. One notes the strong 
contrast of these data with those shown in Fig. 2 which 
are also taken at 90° but at the higher energy (187 Mev). 
One observes the clear effect of the diminution in the 
elastic peak at the higher energy which makes the 
inelastic peak appear more prominent at the higher 
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in elastic scattering’ due to the finite nuclear size that 
the inela pe iks have become evident.® T he brems- 
stra g tail goes down in proportion to the elastic 
scattering and the inelastic peaks may thus be seen 
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angular distribution of the inelastic scattering is less 
steep than the corresponding data for the elastic scat- 
tering. This appears to be a general conclusion for all 
the levels thus far studied in carbon. One also notices 
that the angular distributions of the 4.43-Mev and 
9.61-Mev peaks appear to be similar to each other and 
both are different from that of the 7.68-Mev peak. The 
two subsidiary peaks 10.80 Mev and 11.75 Mev (com- 
bined with 11.1 Mev) in the various figures seem to vary 
in roughly, but not exactly, the same way as the 
9.61-Mev peak, but the resolution of these peaks and 
the small number of counts recorded for them do not 
permit any strict conclusions to be drawn. 

In view of the assignment 2* for the 4.43-Mev state 
and the similarity of angular distributions of the 4.43- 
and 9.61-Mev peaks, we are tempted to make the 
assignment of 2+ to the 9.61-Mev state. The interpre- 
tation of the 7.68-Mev transition as 0*—0* is not incon- 
sistent with the differences between the 
angular distributions of the 7.68- and 4.43-Mev peaks. 


observed 


The strong dependence on energy of the “visibility” 
of the inelastic peaks above the bremsstrahlung tail 
has prompted us to examine the inelastic and elastic 


TABLE IT. Cross section of elastic and inelastic scattering peaks 
in microbarns per steradian for various angles at an incident 
energy of 150 Mev. The radiative correction is included. 


443 Mev 7.68 Mev 9.61 Mev 

0.150+0.026 0.104+0.021 
0.034+0.017 0.081+0.021 
0.042+0.011 0.046+0.011 


0.618+0.068 
0.323+0.042 
0.166+0.018 


70 9.90+0.40 
80 3.2340.13 
90 1.17+0.04 


scattering at 80 Mev. Figure 7 shows the corresponding 
data at 90° at this energy. From the data taken at the 
three energies one may obtain the absolute cross 
section for the 4.43-Mev peak at 90° as a function of 
the incident energy. See also Fig. 10. It may be observed 
that the absolute cross section at 90° is essentially 
constant as the energy is varied. Unfortunately for the 
observation of these peaks, the elastic cross section 
increases in a very rapid fashion because of the increas- 
ing de Broglie wavelength relative to the finite size of 
the carbon-12 nucleus. 

he difficulty in observing the inelastic peaks above 
the bremsstrahlung at low values of the incident energy 
is matched by the difficulty in observing these peaks at 
small angles even at a high energy. Figure 8 shows the 
weak inelastic peaks at 187 Mev at small angles relative 
to both the elastic peak and its bremsstrahlung tail. 
Figures 2, 6, 7, and 8 suggest that perhaps for light 
nuclei the cross section for the inelastic peaks may be 
essentially a point charge cross section ¢, multiplied 
into the square of a form factor just as the elastic cross 
section can be represented in this way when the Born 
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approximation is valid (light nuclei).'“*-"* Here ¢, is 


given by 
Zé’ \? cos*(@/2) 
et a 
2E/ sin‘(@/2) 


The form factor for the inelastic cross section might be 
expected to be a function of the momentum transfer g, 
where 


(1) 


q= (42/)) sin(6/2), (2) 


or more appropriately ga, where a is a parameter having 
to do with the nuclear radius or size and having the 
dimensions of a length; ga is thus dimensionless; \ is 
the de Broglie wavelength of the incident electrons; 
and @ is the angle of scattering. [See reference 1, for- 
mulas (1) and (2) and accompanying discussion. ] 

To bring out such facts more clearly, the cross section 
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for the inelastic peak at 4.43 Mev has been divided by 
the point charge scattering in carbon and has been 
plotted as a function of g in Fig. 9. The fact that a single 
curve is obtained strongly suggests that a form factor 
applies to the inelastic scattering as would be expected 
if the Born approximation is applied to the inelastic 
scattering. Ravenhal!'’ has employed the Born approxi- 
mation and has found the type of form factor appro- 
priate to the inelastic scattering. 

It is also interesting to attempt to learn something 
of the origin of the inelastic peaks, i.e., to find out if the 
excitation of a level corresponds to a single particle 
excitation or to some more complicated type of nuclear 


4 E. Guth, Wien. Anzeiger Akad. Wiss. No. 24, 229 (1934) 
4M. E. Rose, Phys. Rev. 73, 282 (1948). 

4% J. H. Smith, Phys. Rev. 95, 271 (1954) 

*L. I. Schiff, Phys. Rev. 92, 988 (1953) 

‘7 D. G. Ravenhall (to be published). 
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Fic. 8. The elastic and inelastic peaks at 187 Mev in carbon 
at a scattering angle of 60 


excitation. In this connection it may be of potential 
value to compare the inelastic cross section for excita- 
tion of a particular level with the elastic cross 
section for electron scattering from a single proton. 
This ratio can be obtained from the data of Fig. 9 by 
multiplying the ordinate by Z*. A tabulation of values 
is given in Table III. 

Finally we show in Fig. 10 the behavior of the 
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Fic. 9. The ratio of the cross section for the inelastic peak at 
4.43 Mev to the point charge cross section for carbon as a function 
of the momentum transfer g. The black circles refer to 187 Mev, 
the triangles to 150 Mev and the star to 80 Mev 
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ws section for carbon 


Kat 


0.0035 
0.0119 
0.0135 
0.0145 
0.0202 
0.0178 
0.0167 
0.0190 
0.0179 


+0.0008 
+0.0013 
+0.0017 
+0.0016 
+-0).0024 
0.0020 
+0.0017 
t 0.0023 
+0.0023 
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among those appropriate to several different nuclear 
charge distributions. The particular charge distribution 
giving the best agreement with experiment will then be 
assumed to provide the best model for the carbon 
nucleus. At 187 Mev the best fit appears to lie between 
a Gaussian charge distribution with an rms radius of 
2.47 10-" cm and a uniform charge distribution with 
an rms radius of 2.20X10-" cm. A uniform charge dis- 
tribution does not appear to fit unless modified by 
adding a taper at the edge. A half-uniform half-Gaussian 


These data indicate whi 


0.0184+0.0019 
0.0157+0.0016 
0.0135+0.0016 
0.0103 +0,0020 
0.0131+0.0014 
0.00662-0.0011 
0.008 1-+-0.0010 
0.0048 +0.0006 


as a function of energy for the 
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to the lower energies available in t! 
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Fic. 11. This figure shows the square of the form factor plotted 
against scattering angle in degrees in the center-of-mass system. 
The square of the form factor represents the ratio of the experi- 
mental carbon cross section to the point charge cross section. The 
experimental points are shown in black circles, while the theoretical 
curves for a uniform charge distribution with rms radius of 
2.20 10 cm and for a Gaussian charge distribution with rms 
radius of 2.4710 cm, are given as solid lines. Neither curve 
fits exactly and the points lie in between the curves. This suggests 
a half-uniform half-Gaussian model with rms radius of approxi- 
mately 2.40X 10-4 cm. The appropriate charge distributions are 
shown in the upper right hand corner of the figure. The ordinate 
is the charge density on a linear scale 
the data and the rms radius would be close to 2.40X 10-" 
cm. However the calculations of Ravenhall'’ on a 
model very close to the half-uniform and half-Gaussian 
make computations for this compromise model unneces- 
sary. The shell model calculations of this author favor 
an rms radius cf 2.41X10-" cm and a charge dis- 
tribution lying close to a half-uniform and _half- 
Gaussian model, in excellent agreement with the cal- 
culations reported in this paper. It is to be noted that 
the experimental shape as well as the absolute values 
of cross section are in agreement with the theoretical 


HIGH-ENERGY 
calculations of this paper and also with those of 
Ravenhall. The agreement with our calculations is 
shown in Fig. 11. 

We have also carried out calculations at 150 Mev. 
In this case the Gaussian model again fits excellently 
with an rms radius of 2.47X10-" cm. The uniform 
model provides a good fit with an rms radius of 2.31 
X10-" cm. The data at 150 Mev do not permit as 
extensive a check as those at 187 Mev and hence are 
less discriminatory with respect to the uniform charge 
distribution than the data at the higher energy 

Finally the single point observed at 80 Mev and 90° 
does not distinguish the type of charge distribution but 
provides an rms radius of 2.02 10-" cm accompanied 
by a large experimental error of plus or minus 0.4 10-" 
cm. Thus the data observed at all energies and angles 
are consistent with a model lying between a Gaussian 
charge distribution and a uniform model. An exponential 
charge distribution is not possible. The best deter- 
mination of an rms radius provides a value near 
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(2.40+0.25) 10-8 cm. Any error in this figure due to 
the use of the Born approximation instead of the exact 
phase shift calculations of Ravenhall and Yennie would 
amount to less than 1 percent and would make the 
radius smaller by this amount. It is interesting to 
examine the equivalent value of ro given by this deter- 
mination, where 


R=rnA'X10-" cm, (3) 


and R is the usual “radius” (not rms) of the uniformly 
charged model of the nucleus. ro is thus determined to 
be 1.36 and is larger than the value appropriate to 


3 


heavier nuclei.’ 
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Pion Production by Neutrons on Helium* 
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A helium-filled 36-atmosphere diffusion cloud chamber in a 
pulsed 21 000-gauss magnetic field was operated in the 300-Mev 
neutron beam of the 184-inch cyclotron. Two hundred and ninety 
five negative pions were found, with associated prongs as indicated 
in the table 


Reaction Percent 
nt+a—-atp+r 57+14 
nt+a— p+He'?+n+r 32.043.3 

a+p+xr or 

P ( ? 
n+a p+He+n+s 4.6+1 
n+a—>d+He'+-r 30.44+-3.2 
nta—-p+p+dtnir 15.4+2.3 
nt+a—~+d+d+p+r 6.2+1.5 
n+a—~t+p+p+r 3.3+1.1 
n+a—> p+ pt ptnt+n+sz 18+0.8 
n+a — unclassified + 0.6+04 

Total 100.0 


INTRODUCTION 


N experiment has been performed on the produc- 

tion of mesons by 300-Mev neutron bombardment 
of helium gas contained in a high-pressure diffusion 
cloud chamber. Considerable advantages are inherent 
in the cloud chamber method in that a pure target is 
used, mesons of all angles and energies are detected, 
and measurements can be made on all prongs coming 
from a star in which a meson originates. As negative 


* This work was done under the auspices of the U. S. Atomic 
Energy Commission 


A comparison is drawn between these results and the cross 
sections measured by Tannenwald for 90-Mev neutrons on helium 
rhe comparison shows (a) the probability of the alpha particle's 
being broken up is much larger in the pion-production experi 
ment, indicating the importance of large momentum transfers in 
pion production, (b) there are many more fast deuterons associated 
with pion production than pickup deuterons in the 90-Mev experi 
ment, (c) the other inelastic cross sections are in good agreement 
if the principle of charge symmetry is invoked 

The energy distribution of the mesons is in good agreement 
with that found in a similar experiment with an oxygen-filled 
chamber. The angular distribution of the pions is also similar to 
that obtained by other investigators. Two cases of neutral pion 
production were detected by the r’s decay into an electron pair 
and one gamma ray. One example of triplet production, 

YT ¢é (e+e +e, 


was observed 


mesons predominated over positives by a large factor 
and neutrals can only be detected in rare instances, 
most of the following is limited to negative mesons 
Attention in this experiment was focused on the follow- 
ing points: branching ratios for the various pion-pro 
duction reactions; fast prongs associated with pion 
production ; angular distribution of the pions; energy 
distribution of the pions; energy distribution of the 
neutrons incident in pion-production reactions; the 
total cross section; infrequent events; and the cloud 


chamber. 
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EXPERIMENTAL PROCEDURE 
Cyclotron Run 


The energy spectrum of the neutron beam, produced 
by 340-Mev protons striking a lithium deuteride target 
inside the tank of the cyclotron, has been measured by 
De Pangher.’ In the present experiment 1 foot of paraffin 
placed in the beam,’ inside the cyclotron shielding, 
served to selectively attenuate low-energy neutrons and 
thus reduce the ionization load in the chamber from 
low-energy recoils.’ The stereoscopic photography used 
was similar to that described by Powell,‘ the most 
important the camera viewed 
the chamber through 1.5-inch-diameter ports backed by 


0.75 


modification was that 


inch-thick parallel flats of borosilicate crown glass. 
rhe cycle of operations, repeated every 75 seconds, is 
the clearing field is turned off, the magnet 
current is turned on and a ready signal is sent to the 


as follows 


cyclotron, the arc source and radiofrequency system are 
then turned on for three frequency-modulation cycles, 
and 0.1 se later the flashed for 


photograp! Ing. 


lights are 


ond 


Cloud Chamber 


Ihe pioneer work on high-pressure diffusion cloud 
chambers was carried out by Ralph P. Shutt and col- 
laborators at the Brookhaven National Laboratory ; the 
work at Berkeley proceeded under the stimulus of their 
success. The present chamber was designed by Powell 
to fit an existing magnet.‘ A detailed description of the 
cloud chamber has been submitted to another publica- 
tion. The principal features of the chamber are (1) its 
simplicity, afforded by making the upper pole piece of 
the magnet a part of the pressure vessel; and (2) the 
Good tracks are obtained at the design 


pressure of 525-psi gauge pressure 


high pressure. 


MEASUREMENTS AND REDUCTION 
OF OBSERVATIONS 


Detection and Measurement of Events 


Ihe information used in the analysis consisted of the 
film from five days of cyclotron running time, a knowl- 
edge of the neutron spectrum, mass values for all 
particles involved, conservation laws for the energy- 


momentum four-vector and electric charge, the number 


of ions produced per cm of path as a function of energy, 


and 
Table I lists 


actions leading to negative pion production. 


range-energy 


the Q values and thresholds for the re- 


data for the particles involved 


J. De Pangher 95, 578 (1954), and this issue 
Phys. Rev. 99, 1447 (1955 
? Details of the experimental procedure are given in the author’s 
Ph.D. thesis: Peter H. Moulthrop, University of California Radia 


tion Laboratory Report No. UCRL-2858, January, 1955 (un- 
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blished 
*R. A. Schluter 

to Dr. Schluter for a preprint 
of a parafhin filter was obt 


*W. M. Powell, Rev. Sci 


pu 
Phys. Rev. 96, 734 (1954). We are indebted 
of his article, from which the idea 
ained 


Instr. 20, 403 (1949 
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All film was scanned and rescanned for meson stars. 
The location and identification of mesons usually de- 
pended on the facts that they have negative charge and 
originate from three- or four-prong stars. For suffi- 
ciently long tracks mesons can be located and identified 
by their radius and ionization. The events were meas- 
ured on reprojection apparatus similar to that de- 
scribed by Brueckner et al.*; a good description of the 
method of measurement has been given by Fuller.® 


Identification of Particles 


This discussion is conveniently divided according to 
three- and four-prong events. 

Three-Prong Evenis——The majority of the three- 
prong events have a fast proton or deuteron and a 
helium isotope with a range of a few centimeters. The 
fast prong is identified by comparing track density with 
nearby proton tracks in the gas; three times as many 
ions are produced by deuterons as by protons at the 
same radius. A further aid in the identification is that 
according to conservation of energy, high-momentum 
fast prongs can only be deuterons. For example, if the 
meson plus the helium have 40 Mev of kinetic energy, 
the highest-energy proton possible is 160 Mev. This has 
the same Bp as a deuteron of 85 Mev; thus if the deu- 
teron has over 85 Mev it cannot be mistaken for a 
proton. A third of the a(n,dx~)He’® events were un- 
ambiguously identified by this criterion. If one frag- 
ment is a deuteron, the remaining track must be a He’. 

If the fast prong is a proton, the helium isotope can 
be distinguished when it has a range of several cm, 
and stops in the gas by its characteristic ending. On 
the other hand, for 1- or 2-cm tracks the helium iso- 
topes are indistinguishable. Most of the helium tracks, 
not identified by track appearance, were identified as 
He’ on the basis that (a) the event showed a transverse 
momentum unbalance outside of experimental error; 
(b) the assumption that the helium was an alpha led to 
a calculated incoming-neutron energy below threshold 


TaBLe I. Kinematics of negative pion production 
in %—a collisions 


Threshold 
ev 


Reactior 


hree-prong events 

175.5 
199.0 
21.9 


a->a 
n+a 
a-ta 


satpt+r 
—~+ He’+d+r 


> He? + pin+er 


prong events 

200.3 
205.8 
208.8 
211.9 


ot-+p+pt+r 
+d+d+p+r 
-d+pt+pinir 
+p+p+pintnt+er 


* Brueckner, Hartsough, Hayward, and Powell. Phys. Rev. 75, 
555 (1949 

* Melvin O. Fuller, thesis, University of California Radiation 
Laboratory Report No. UCRL-2699, September, 1954 (un- 


published 
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for this process; or (c) the discrepancy in the incoming- 
neutron energy calculated from outgoing energy and 
outgoing momentum was outside of experimental error. 
Fourteen out of the 107 events observed remained 
ambiguous, giving a good fit as either a(n,pnux—)He’ or 
a(n, pr ja. 

Four-Prong Events.—These have three hydrogen iso- 
topes starting at the same point in the chamber. The 
identification was made by comparing the radii and 
specific ionizations of these tracks with the possible 
combinations in mind. 


ERRORS 


Remeasurements.—Following the measurements an 
energy-momentum balance was attempted for all events. 
Thirty percent of the events showed an unbalance 
outside of experimental error. All these events and 30 
“balanced” events selected at random were remeasured 
and recalculated. Errors in identification, measure- 
ments, recording of measurements, or calculations were 
found to account for the unbalances. Each track in- 
volves three measurements and each event three or 
four tracks. Of the 30 events that originally balanced, 
one was changed on remeasurement from a(n,dx~)He' 
to a(n,pr-)a. The measurements on the remaining 29 
events agreed within the expected experimental errors. 

Radius of Curvature-—The curvature of a track is 
measured by reprojecting it life-size on a translucent 
screen which is rotated in space until it contains the 
plane of the track, and then matching it with one of a 
series of arcs ruled on a Lucite template. Experience 
in this and previous experiments indicates that the 
discrepancies found in attempts to reproduce this 
measurement amount to 0.1 mm in sagitta. The re- 
resultant uncertainty in energy is less than 10% for 
about half the pions measured. 

Range-Energy Relationship.—The range-energy data 
were taken from the tables of Aron, Hoffman, and 
Williams.’ In order to check the range-energy rela- 
tionship, the energies of a group of long tracks that 


TABLE IT. Relative cross sections for processes indicated 


Reactior beerved number Percent 


5.7414 
32.04+-3.3 


a(n,pnx-)He* 4641.2 
a(n,dx~)He* 30.4+3.2 
3-prong unclassified 0.3+0.3 
a(n,2pr-)t 3.3411 
a(n,dpx)d 6.24+1.5 
a(n,2pnx~)d 15.4+2.3 
a(n,2p2nx~)p 1.8+0.8 
4-prong unclassified 0.3+0.3 
100.0 


a(n, pr a 
a(n,pnx~)He? 


a(n,pr ja or 


Totals 


7 Aron, Hoffman, and Williams, University of California Radia 
tion Laboratory Report No. UCRL-121, 1949 (unpublished 
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TABLE III. Fast heavy prongs associated with negative pion 
production. Weighted number of events with most energetic 
prong above 50 Mev as indicated 


Dew Al- He’ or 


teron pha alpha None Total 


a(",pe)a 34 3.0 185 
a(n,pne)He* 49.1 104.0 
a(n, pr ja or 7 3.0 14.9 


a(n,pne~)He* 

a(n,dxr~)He® 345 98.9 
a(n,2pr~)i 8 2 4.1 10.8 
a(n.dpxr d 6.1 20.3 
a(n,2pnx~)d 23.8 50.1 
a(n,2p2nr 


Totals 


Reaction 


oe 5.8 
323.3 


34 2.2 123.6 


ended in the chamber were determined by range and by 
radius measurements. Agreement within 10% was 
obtained. 

Dip Angle a and Beam Angle 8.—The angle between 
a track and its projection on a horizontal plane is de- 
fined as the dip angle a. The angle between the hori- 
zontal projection of a track and the beam is defined as 
the beam angle 8. As judged from the reproducibility 
of measurements, the error in a is +1.5° for dip angles 
up to +50°, the error in 8 is +1°. A plot of the hori- 
zontal transverse unbalance vs the number of events 
centered at zero and had a half-width at half-height of 
0.7X10° gauss-cm. The incoming-neutron momentum 
was about 28 10° gauss-cm. If the whole discrepancy 
was due to an error in angle, the error was about 
+0.7/28 radian or +-1.5°. A similar result for the 
vertical unbalance with + 1X 10° gauss-cm was obtained. 

Corrections.—Difficulties in observing and aligning 
mesons with a dip angle greater than +60° led to re- 
stricting the measurements to tracks with smaller dip 
angles. Presumably all events happen with azimuthal 
symmetry ; if this is true a geometrical weighting factor 
can be applied to all tracks to correct for the excluded 
regions. The numbers of pions observed in the four 
azimuthal groups for which there is no excluded region, 
and also in all azimuthal groups in the forward and 
backward 60° cones, support this assumption. The 
formula for the weighting factor is 


r/2 
(ate) 


sin™' (sinay/sin#) 


where the cut-off dip angle is ao. The 60° cutoff was 
applied to both the angular distribution and the heavy- 
fragment data. A 45° cutoff was used for the energy 
distributions in order to obtain an energy resolution of 
about 10%. 


RESULTS AND DISCUSSION 
Branching Ratios and Fast Prongs 


Table II shows the relative yields of the processes 
leading to negative pion production; uncertainties 
shown are standard deivations. In Table III, the data 
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(a) The alpha particle survives pion production 
about ten percent of the time; further evidence that an 
alpha particle sometimes survives pion production is 
the observance of the reaction y+a— x’+a by Gold- 
wasser” at the University of Illinois betatron; half of 
the 90-Mev cross section is elastic. 

(b) A real correlation exists between pion production 
there are many more 
fast deuterons than can be attributed to the pickup 


and fast-deuteron formation, i.e., 
process; the reason these deuterons mainly fall in 
Row 2 in Table IV is that there is little energy left to 
break up the He’. 

c) The agreements in 
striking. The 
a(n,pnr)He* 
the same sort 
90-Mev cross sections and are not appreciably influenced 


“inelastic’’ cross sections are 
than 
He’® can be interpreted by 
of arguments needed to understand the 


“inelastic’’ cross sections other 


and a(n.dx 


by the production of a meson. The experiment de- 
scribed here, Tannenwald, and theory all agree that 


TaBLe VI. Relative differential cross sections for negative-pion 


production by 300-Mev neutrons on helium. 
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the complete breakup of the alpha particle only happens 
here one of the nucleons 
the Pauli principle. 
It might also be noted that Heidmann’s theory® pre- 


about one percent of the time; 
is forced into a P state according to 
dicts a ratio between a(n,2n)He® and a(n,pn)t which 
differs from that assumed by Tannenwald. Heidmann 
of (1/042 
about one-tenth. The ratio found in this experiment for 
He’ is in good 


agreement with this prediction 


predicts a ratio V singiee/ Vtriptes)*, OF 


, ¢ 


a(n,2px-)t to a(n,pnx one-tenth 

More evidence on fast-deuteron formation may be 
obtained by comparison with Knapp’s and Ford’s 
experiments, “fast” defined as greater than 50 
Mev. This is shown in Table V. Pickup and stripping 
become more important for heavier targets; thus it 


with 


appears that stripping subtracts more deuterons from 
the observed yield than pickup adds. 


2 Goldwasser, Koester, and Mills, Phys. Rev. 95, 1692 (1954 





PION 


The yield of fast He’ particles in this experiment is 
29 from 323 events; Knapp found 22 in 310 events. 


Angular Distribution 


The angular distribution based on 295 negative pions 
is shown in Table VI and Fig. 1. The shape of the 
angular distribution is in qualitative agreement with all 
measurements on pion production in nucleon bombard- 
ment of nuclei known to the author.’*"4-!® The gross 
features are a 0° differential cross section about six 
times the 90° cross section, and little dependence on 
angle in the backward hemisphere. Ford and Neher™® 
have shown that this shape can be transformed into a 
nucleon-nucleon average-center-of-mass-system distri- 
bution of the form A+B cos’... This procedure is 
not repeated here. 


Energy Distribution 


The energy distribution shown in Fig. 2 is also in 
gross agreement with the results of other experimenters. 
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1. Angular distribution of pions 


Ford’s results (arbitrary normalization) are plotted on 
the same figure. The conclusion drawn from the com- 
parison is that the momentum distributions of the 
nucleons in helium and oxygen are similar. Figure 3 
compares the energy spectrum of mesons emitted in a 
30° forward cone with those in Ford’s experiment. 


Energy Spectrum of Neutrons Producing Mesons 


Figure 4 is a histogram of the incoming-neutron 
energy for those neutrons which produce negative pions 
(in the rare case where there are two outgoing neutrons 
only a lower limit can be set). There were more 
neutrons in this experiment than in De Pangher’s 
near 340 Mev, the maximum available in the beam; 

+ Leland K. Neher, thesis, University of California Radiation 
Laboratory Report No. UCRL-2191, April, 1953 (unpublished). 


‘W. Dudziak, Phys. Rev. 95, 866 (1954 
*S Leonard, Phys. Rev. 93, 1380 (1954 


PRODUCTION BY 


NEUTRONS ON He 





t n+He-n THIS EXPERIMENT 
@ n+0 ~n” (FORD 


mn 
° 


8 


g 











NUMBER OF EVENTS PER IO MEV INTERVAL 


a ee ee ee ee ee ee ee ee ee = ~~ SS - 
40 60 60 100 120 40 60 


ENERGY (MEV) IN LABORATORY SYSTEM 


. N 


Fic. 2. Energy distribution of all pions. 


this is indicative of the steep excitation function for 
meson production. Knapp found the neutrons inducing 
n+-d —+ x~+ He’ to have a lower energy than the other 
neutrons in his experiment; the neutrons inducing 
events with a fast He’® in this experiment are shown 
cross-hatched on the main histogram. There is no 
evidence that these neutrons are of lower energy in this 


experiment. 
Total Cross Section 


With the assumption of an A! dependence, a straight 
line extrapolation of Ball’s measurements'® of the in- 
elastic cross section for 300-Mev neutrons on Pb, Cu, 
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Fic. 3. Energy distribution of pions in 30° forward cone. 
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* William P. Ball, University of California Radiation Labora 
tory Report No. UCRL-1938, August, 1952 (unpublished) 
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ENERGY DISTRIBUTION OF NEUTRONS duced in the experiment here described, we expect 160 


' T T T T T T 





neutral pions; the two decay modes of the neutral 


y 


asteow pion, (a) r°—> y+et+e, (b) x°— 2y, occur in the 
mL ratio 1 to 80.'*"® Thus we should observe in the cloud 


RIOM 
8 


chamber two cases of electron-positron pairs originating 
from helium stars; two such events were observed. 
Neutral-pion production in which the decay is by (b) is 
unobservable in this experiment. 

Triplet Production.—Figure 5 (event 15841) is a 


picture of triplet production in the gas, y+e— 


er. 
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The processes which lead to the formation of stripped particle beams in encounters of high-energy deu 
terons with heavy nuclei are discussed. It is shown that a significant role is played by a previously unnoticed 
dissociation process arising from diffractive effects in which, from a classical standpoint, the particles 


suffer no collisions. 


MONG the first observations made with particles 
accelerated to high energies was the discovery 
that a beam of deuterons striking a target gives rise to 
narrowly collimated beams of neutrons and protons of 
approximately half the incident kinetic energy.' The 
origin of these beams has been very simply explained 
by Serber,’ as lying in collisions in which one of the two 
particles of the deuteron strikes a target nucleus while 
the other misses and retains its forward momentum. In 
the present note we shall indicate than an additional 
contribution to these beams of comparable magnitude 
comes from processes in which neither of the two par- 
ticles of the deuteron suffers any collision, in the classical 
sense. 

As Serber has shown, the simple properties of the 
stripping effect depend on the looseness of the deu- 
terons’s binding. In particular the internal motion in 
the deuteron is negligible during the time it requires 
for the deuteron to travel a distance equal to a nuclear 
diameter. Hence it is meaningful to speak of the in- 
stantaneous positions of the nucleons during encounters 
with nuclei. To illustrate what takes place in these 
encounters we employ, for the present, the simplified 
model introduced by Serber to estimate the stripping 
cross section. Neglecting the effects of nuclear trans- 
parency, we imagine all of the nucleons entering nuclei 
to suffer collisions which remove the possibility of their 
interfering further with the incident beam. We may 
then picture a target nucleus as a black sphere whose 
radius is larger than that of the deuteron or, more 
simply still, as a black disk lying in a plane perpendicular 
to the direction of incidence. 

The stripping processes considered by Serber are 
those in which the instantaneous positions of the neu- 
tron and proton at the moment of collision are such 
that one strikes the disk and is absorbed by it, while 
the other clears the edge and continues. It may easily 
be seen, however, that breakup of the deuteron is not 
limited to cases in which particles strike the nucleus. 
It takes place with considerable likelihood when neither 
of the particles is intercepted. The reason is to be found 
in the localization the two-particle wave packet suffers 
as it passes the edge of the disk. The internal wave 


1 Helmholtz, McMillan, and Sewell, Phys. Rev. 72, 1003 (1947). 
2 R. Serber, Phys. Rev. 72, 1008 (1947). The effect was in fact, 
predicted on the basis explained. 


function of the deuteron, which is spherically sym- 
metric [Fig. 1(a)] before passing the edge of the disk 
suffers a certain truncation by virtue of its passage. 
This is illustrated in Fig. 1(b) where it is evident that 
neither of the particles is to be found in the lower region 
of the sphere, which lies in the shadow of the disk’s edge. 

Let us assume that both particles have cleared the 
disk’s edge and examine their wave function an instant 
later. Then, since the particles remain symmetrically 
placed about their center of mass, which suffers negli- 
gible deflection in so short a time, it follows that 
neither of them can be located in the oppositely defined 
upper cap of the sphere either.’ This reduction in 
volume of the two-particle wave packet leads to an 
increase of the internal kinetic energy, and a certain 
probability of dissociation. More precisely phrased, the 
final state of the two-particle system is no longer simply 
the ground state of the deuteron, but contains an ad- 
mixture of excited states, all of which are unbound and 
lead to disintegration. In the two-body problem, ab- 
sorptive dissociation implies the existence of a certain 
amount of free dissociation much as absorption implies 
the existence of shadow scattering in single-particle 
diffraction problems. 

To secure a quantitative estimate of the effect, we 


bof 


(a) 


Fic. 1. Schematic representation of the initial and final states 
of high-energy deuterons grazing the edge of a nucleus, repre 
sented by an absorbing screen. The initial spherically symmetric 
internal wave function is shown figuratively as the sphere (a). 
The change which takes place in the two-particle wave function 
due to the encounter with the screen is illustrated at a later in- 
stant in (b). If neither of the particles collides with the screen, 
the final wave function must exclude them from the shaded regions 
of the sphere (b). 


*A particle may be found in the upper shaded region of the 
shere (Fig. 1(b)] only if the other one has been absorbed by 
the screen. 
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neglect the curvature of the edge of the target nucleus 
so that the disk is replaced by a semi-infinite black 
screen. Let b be the impact parameter of the center of 
mass of a deuteron relative to the edge of the screen. 
Then the incident beam of deuterons will be distributed 
uniformly over positive and negative values of 5. Let 
the internal wave function of the deuteron in its ground 
state be go(r), where r is the relative separation of the 
neutron and proton, r,—f,. For positive impact pa- 
rameters the probability, denoted by J (6), that either 
of the particles strikes the screen is just the probability 
that one of them, say the proton, lies in either of the 
two spherical caps noted earlier. That is, we have 


J (b) f go(r) 7dr, (1) 


where z is the component of r perpendicular to the 
edge of the screen. An analogous argument for negative 
impact parameters shows that the probability that one 
of the particles misses the screen while the other is 
absorbed is just J( b|). These processes, which we may 
speak of as absorptive stripping, evidently have a total 
cross section per unit length of 2,f7/ (b)db. Since such 
collisions produce either stripped neutrons or protons 
with equal likelihood, the cross section per unit length 
for producing either one is just /o*/ (b)db. The free dis- 
sociation process which we discuss next liberates neu- 
trons and protons simultaneously in the stripped beam, 
and should therefore be separately detectable by co- 
incidence techniques. 

Encounters in which neither particle is absorbed by 
the screen may take place only for positive impact 
parameters. When they do occur, the internal wave 
function suffers the truncation mentioned earlier, so 
that its final form, which we represent as ¢;(r), is 

¢o(T), Z| < 2b 
(2) 


(FT) =) 


0, z| >2b. 


The function yg, defined in this way is evidently un- 
normalized. The normalization integral {| ¢:\*dr is 
just 1—J(6), so that we may define the normalized 


final wave function as 
gd (r)=[1—J (0) P'¢i(8). (3) 


Now the probability that the final two-particle sys- 
tem remains bound is just the absolute value, squared, 
of the go(r) component contained in ¢;'(r). 


fermer(nar =[1—J(d) } tf eorinventeae 
fi—J(d)} f ¢:(t) Ader 


=(1—J(b)}'. (4) 
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The probability that the system remains a deuteron 
is evidently 1—J(b), and the dissociation probability 
is therefore just / (5). When the dissociation probability 
is multiplied by the probability 1—J(5), that both 
particles pass the screen, as assumed, we have the 
probability of free dissociation at any impact parameter, 
b>0. The cross section per unit length for free dissocia- 
tion is thus 


Sica -f J(b)[1—J (b) db. (5) 
6 


The cross section per unit length for the production 
of either type of particle by absorptive stripping is, 
once again, 


nae f I (b)db (6) 
0 


Serber has shown that this is just }(r)4, where (r)4 is 
the mean value of the neutron-proton separation in the 
deuteron.‘ Since the free dissociation probability, how- 
ever, has no classical analog, no such compact evalua- 
tion is available for it. It must be evaluated for an 
explicit representation of the deuteron wave function. 
To secure a simple estimate we neglect range correc- 
tions, employing a wave function of the form 


go(r) = (a/2m)te-2"/r, (7) 


for which the absorptive stripping is o...=}(r)a 
=1/8a. With this choice of wave function, we have 


J(b)=e toa f (e~*/x)dx, (8) 
4ab 


which, inserted in (5) and integrated, yields 


o1.4.= (1/8a)[ (4/3) log2— (1/3) ]. 


¢ 
atin. (9) 


The free-dissociation effect therefore represents a 59% 
correction to the cross section for absorptive stripping 
of either neutrons or protons. 

To estimate the actual nuclear stripping cross section 
when either neutrons or protons are detected, the sum 
of the above cross sections per unit length is multiplied 
by 2#R, the nuclear circumference, so that ¢,=1.59 
X (x/4)R(r)a. The observed stripping cross sections® 
are, however, still larger and show a somewhat stronger 
increase with mass number than those predicted in this 
way. There is reason to believe that the difference is 
due at least in part to the transparency of the nucleus 
neglected here. A more complete theory of stripping 
based on the optical model of the nucleus has been de- 
vised for study of this problem, and will be reported 
upon when the calculations are completed. 





* This is evident on reversing the orders of integration in (1) 
and (6). 

* Millburn, Birnbaum, Crandall, and Schecter, Phys. Rev. 95, 
1268 (1954). 
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Changes in the Low-Energy Particle Cutoff and Primary Spectrum of Cosmic Radiation* 
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(Received April 11, 1955) 


The low-rigidity cutoff for particles in the primary cosmic-ray spectrum has decreased within the period 
‘ 1948 through 1951. This decrease corresponds to a 3° change (northward) in the “knee” position of the 
geomagnetic latitude curve for the nucleonic component. The phenomenon is accompanied by both a change 
in the primary spectrum for particle rigidities less than approximately 4 Bv and by an increase in total 
primary intensity. The spectral change is such that if the differential primary intensity, 7, at low rigidities 
in 1948 was j=C(p/s)*; then the new spectrum for 1951 through 1954 is approximately j=C’(p/s)"*’. 
The total change of intensity arising from the changes in spectrum and low-rigidity cutoff is more than 13%. 

The measurements were obtained in 1948 and 1951, and have been confirmed and extended in November, 
1954 using nucleonic component detectors. The vertical charged particle intensity was also measured and 
displays changes equivalent to those reported for the nucleonic component. 

Three regions of space are considered for the location of the mechanism producing the low energy cut- 
off; namely, the vicinity of the earth, the region of the solar system, and regions of the galaxy outside our 
solar system. Although the general solar dipole moment is at least an order of magnitude too small to 
account for the observations, it is concluded that the mechanism is operative within the solar system and 
is not a terrestrial phenomenon. 








I. INTRODUCTION 


EASUREMENTS to determine the energy distri- 

bution of primary cosmic-ray particles have for 
many years revealed an apparent absence of particles 
with magnetic rigidities less than approximately 1 Bv. 
This so-called low-rigidity (or low-energy) cutoff of the 
primary particle spectrum is of great interest since 
insight into this property of the spectrum may assist in 
further understanding the origin of the cosmic-ray 
particles. We do not know whether this cutoff is a 
general property of the spectrum at its source or is a 
characteristic introduced as a result of the special 
position of the observer, i.e., at the earth. For example, 
although the cutoff may be a fundamental characteristic 
of the entire cosmic radiation, it might, on the other 
hand, be produced by a mechanism within the dimen- 
sions of the solar system, or only within the vicinity of 
the earth. 

Early attempts to explain this effect have been based 
upon the assumption that the sun possesses a large and 
permanent magnetic dipole moment which could pre- 
vent low-rigidity particles from reaching the region of 
the earth’s orbit.' But solar observations accumulated 
over the past decade have demonstrated that the solar 
magnetic moment is far too small to account for the 
observed cut-off effect.2 Consequently, the origin of the 
cut-off mechanism is unknown and, at present, it appears 
that only experiments may lead to a further clarification 
of the problem. 

In 1948 and 1951, the nucleonic component intensity 


* Assisted in part by the Office of Scientific Research and the 
Geophysics Research Directorate, Air Force Cambridge Research 
Center, Air Research and Development Command, U. S. Air 
Force. 

1L. Janossy, Z. Physik 104, 430 (1937). 

2See, for example, H. von Kluber, Monthly Notices Roy. 
Astron. Soc. 114, No. 2, 242 (1954); G. Thiessen, Nature 169, 
147 (1952); H. W. Babcock and H. D. Babcock, Astrophys. J. 121, 
349 (1955). 


as a function of geomagnetic latitude was measured 
showing that there was probably a change in the value 
of the low-rigidity cutoff within this approximately 
three-year period. If such a change with time could be 
established, it may assist in deciding whether the cut- 
off is a purely local or remote mechanism. Consequently, 
we have undertaken additional measurements in 1954 
to confirm whether or not this change with time exists. 

We shall show in this paper that, indeed, we find a 
change not only in the low-rigidity cutoff but also a 
change in the primary spectrum, and we shall discuss 
the bearing of these results upon the cut-off mechanism. 


Il. EXPERIMENT 


The theory for the motion of charged particles in the 
earth’s magnetic field shows that for each geomagnetic 
latitude there exists a corresponding minimum rigidity 
which an incoming cosmic-ray particle from a given 
direction must exceed in order to reach the earth. 
Hence, measurements’ of cosmic-ray intensity as a 
function of geomagnetic latitude will yield information 
about the shape of the primary spectrum and the low- 
rigidity cutoff. 

There are two possible approaches to the problem of 
measuring cosmic-ray intensity as a function of latitude. 
First, measurements could be undertaken at extreme 
high altitudes by means of balloons or rockets at a 
series of discrete latitudes, in order to determine the 
lowest energy particles which are present in the primary 
cosmic-ray spectrum. The second possibility is to 
measure the intensity of secondary particles at high 
altitudes within the atmosphere by means of aircraft. 
In the second case, it is possible to cover a relatively 
wide range of geomagnetic latitudes continuously and 
within a short time. There was an over-riding reason 
why the investigation reported here was made in an 
aircraft, using a nucleonic component detector; namely, 
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Fic. 1. Cross section of the detector geometry for measuring 
nucleonic component intensity. This the local 
production of neutrons yields >1.210* counts per minute at 
30 000 feet pressure altitude and at A>58° N 
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the first evidence for a change in the low rigidity cut- 
off was originally obtained by this method in 1948 and 
1951 while pursuing other studies of intensity changes 
with time.** Therefore, we undertook our new measure- 
ments in such a way as to directly compare them with 
earlier data. In restricting ourselves to measurements 
within the atmosphere, we used a nucleonic component 
detector which is the most sensitive detector for low 
energy primaries. 

A suitable detector has been described earlier in the 
literature.’ The arrangement used for the 1954 flights 
is shown in Fig. 1. The intensity of the nucleonic com- 
ponent is measured by the number of neutrons locally 
produced by nuclear disintegrations in the lead. In 
order to prove that there were no instrumental fluctua- 
tions, each of the two counters was connected to a 
separate electronic system and its counting rate was 
recorded individually. The ratio of the counting rates 
of the two systems remains constant. This detection 
system was installed in the nose of a type B47 jet 
aircraft. The material in the vicinity of the detector 
also contributes to a small extent to the neutron 
counting rate (<3°%). We verified, by flying south- 
bound and northbound with continuously decreasing 
fuel load, that the contribution of neutrons, locally 
produced in the aircraft fuel, was too small to be 
detectable. Counting rates were approximately 13 000 
counts per minute at 30000 feet pressure altitude 
(310 g/cm?) for high magnetic latitudes. 

In order to have an independent check for our meas- 
urements, we installed a counter telescope in the same 
aircraft for measuring the near vertical meson intensity. 
The instrument consisted of three trays of two Geiger 
counters each, with an absorber of 10-cm Pb between 
the second and third tray. The telescope had a length 
of 15 inches, a width of 3 inches, and a height of 9 inches. 

4 J. Simpson, Phys. Rev. 94, 426 (1954 


‘ J. Simpson, Phys. Rev. 83, 1175 (1951 
*Simpsen, Fonger, and Treiman, Phys. Rev. 90, 934 (1953) 
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Triple coincidences were recorded at a rate of approxi- 
mately 350 per minute at 30 000 feet pressure altitude 
and high magnetic latitudes. 

All flights were made at the constant atmospheric 
depth of 310 g/cm?*. The pressure altitude could be kept 
within +50 feet and short periods were discarded from 
the data when this limit was exceeded. Possible errors 
due to navigation, the aircraft velocity, the load distri- 
bution, and the position error of the static pressure line 
were taken into account. Such corrections, however, 
turn out to be so small that they do not influence our 
results. : 

As an indication of the rate at which data were ob- 
tained, we note that it took approximately 10 minutes 
to fly over 1° of latitude. The total range of latitudes 
covered in the flights extended from approximately 40° 
to 65° N geomagnetic latitude. This range is sufficient 
for the identification of the cut-off latitude, and, at the 
same time, provides information on changes in the slope 
of the latitude curve, which is a measure of changes in 
the primary particle spectrum. 

The data of 1948 and 1951 had been obtained at 
different longitudes; since we wish to exclude any 
possible ambiguities due to the longitude effect we have 
repeated the exact courses flown in both these years. 

In 1948 and 1954, the data were obtained at times 
when there were no large scale intensity variations, such 
as the 27-day variation or Forbush-type intensity 
decreases, which would interfere with our measure- 
ments. The ionization intensity measured for May, and 
June, 1948 was kindly provided by Forbush, and the 
neutron monitor intensity for 1954 was used to check 
the 1954 flight periods. In fact, 1954 represents the 
period of minimum intensity variations and the mini- 
mum solar activity in the present solar cycle. 


Ill. CHANGE OF LOW RIGIDITY CUTOFF 


The nucleonic component latitude curves for 1948 
and 1954 at 80° west longitude are shown in Fig. 2 
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Fic. 2. The nucleonic component latitude curves for 1948 
(reference 4) and 1954 at 80° west longitude 310 g/cm* atmos- 
pheric depth. The data for the 1954 flights are for November 13, 14, 
and 15th, 1954. 
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along with their respective counting rates. Similarly, in 
Fig. 3, we show the same measurements for 1951 and 
1954 (the 1951 curve is the average of several flights) at 
approximately 90° west longitude. The size of the 
experimental points in both these figures represents the 
magnitude of the error of each point. 

In Fig. 4(a), we have arbitrarily normalized the 80° 
west longitude data at the highest magnetic latitudes in 
order to display more clearly the approximately 3° 
shift of the cut-off latitude between 1948 and 1954. 

In Fig. 4(b), on the other hand, the 90° west longitude 
data are arbitrarily normalized at high magnetic lati- 
tudes. We note that the shift in cutoff between 1951 
and 1954 was less than ~1° latitude. 

Although the large change in cut-off rigidity was 
evident by 1951, we were not certain of the influence 
which the longitude effect might have upon the curves 
at 80° and 90° west longitude. For this reason, and to 
search for further shifts of the cutoff, the 1954 flights 
were required. ; 

Before attempting to interpret these measurements, 
it is essential to explore the basic question—are these 
changes in latitude curves in fact due to changes of the 
primary particle spectrum? Different geometries were 
used in 1948, 1951, and 1954 to measure nucleonic 
component intensity; namely, in 1948 most of the 
locally produced neutrons came from the vicinity of 
the detector (aircraft structure and paraffin); in 1951 
and 1954 lead was the principal local producer. Simpson 
and Uretz® show in their Table II that the latitude 
response of such different detectors is the same, and we 
therefore conclude that all three detector geometries 
have the same “response” for incoming nucleons pro- 
duced by the primary radiations. The only differences 
among the detectors is the counting rate for a given 
primary intensity. 

It is obvious from Figs. 2 and 4(a) that the cutoff 
observed in 1948 could not be due to the inability of the 
detector to measure the effect of lower rigidity particles ; 
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Fic. 3. The nucleonic component latitude curves for 1951 
(reference 3) and 1954 at 90° west longitude and 310 g/cm* atmos- 
pheric depth. The data for the 1954 flights are for November 3 
and 4, 1954. 


* J. Simpson and R. Uretz, Phys. Rev. 90, 44 (1953). 
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Fic. 4. (a) and (b). The nucleonic component latitude curves are 
arbitrarily normalized at latitudes greater than 58° N in order to 
display clearly the magnitude of the northward shift in the low- 
rigidity cutoff. However, it is shown in Sec. V that there was, 
indeed, an increase of intensity between 1948 and 1954 arising 
from a change in primary spectrum in addition to the shift in 
low-rigidity cutoff. 


otherwise, the shift in cutoff between 1948 and 1954 
could not have been observed. (We shall show later that 
it is unlikely this shift could be produced by changes in 
the geomagnetic field.) On the other hand, we cannot 
show that the 1954 cutoff at 57° represents the lowest 
rigidity particles that can arrive at the top of the atmos- 
phere. Consequently, our measurements represent the 
lower limit of the change in cutoff which could have 
occurred in the primary radiation between 1948 and 
1951. 

Although atmospheric absorption certainly becomes 
an increasingly important factor at higher latitudes, the 
cut-off latitude does not appear to be appreciably alti- 
tude dependent within the range of altitudes attained 
by aircraft. This is shown in Fig. 5, where latitude 
curves, obtained at different altitudes, are compared. 

The position of the low-rigidity cutoff near the top 
of the atmosphere in 1951 was established by Neher’ 
by means of balloon-borne ionization chambers. For the 
range of atmospheric depths 15-100 g/cm? the cutoff 
was at 58°+1°. Thus, at least for the year 1951 we see 
that the cutoff measured at the top of the atmosphere 
is very close to the cutoff determined by a nucleon 
detector within the atmosphere. 

The telescope latitude curves also reveal a shift in 
cutoff rigidity with time. The data for 1948 were ob- 
tained in aircraft by Biehl and Neher* and are com- 


? Neher, Peterson, and Stern, Phys. Rev. 90, 655 (1953). 
*A. T. Biehl and H. V. Neher, Phys. Rev. 78, 172 (1950). 
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pared in Fig 6 with our Correspor ding curve for 1954 
All data are for 80° west longitude and 


atmospheric depth. Although a shift 


310 g/cm 
in cutoff rigidity is 


quite apparent, the latitude effect measured with a 

counter telescope is too small and the counting rates 

too low to give precise information on its magnitude 
d on the slopes of the latitude curves. 


IV. CHANGES IN PRIMARY SPECTRUM DEDUCED 
FROM THE MEASUREMENTS 
the 


the 


Qur problem is to utilize the observed changes in 


component latitude curves to describe 


have occurred in the primary spectrum 





It has bee ow earlier than the measured intensity 
the atmosphere arises principally from primary 
articles arriving from the vertical direction at the top 
f the atmosphere. We sha therefore, call the ob- 
erved y rate, R 
Rid f S t p/2,t)d(p 
here s the differe il primary spectrum, p/z is 
yp ¢ magnet rigidity of parti les with 
rge ce, and S he average specific yield function 
ch gives itmospheric depth x, the observed 
g rate fo oming primary particles of rigidity 
p p represents the cut-off rigidity at latitude A 
Ihe slope of the latitude curve is given by 


1R/d\ = R’ Sjd(p/2)/dy. 


The ratio of the slopes for curves measured at times 
for iny given A will be 
R’U (12) 7 (t2,P 
R’ Sh) 7 P/ 2) dr 


dd is independent of time provided the 


since d(p/z 


permanent geomagnetic field does not undergo large 


changes between /, and / 


We now introduce the assumption that the relative 
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abundances of particles of different z and mass is 
invariant with time. Thus, the average yield function 
S(ts)=S(t,)K, where K is the ratio of the counting 
efficiencies of the respective geometries used to measure 
the latitude curves at ¢; and fs. It then follows that if 
we know K, we may determine the relative change of 
the primary rigidity spectrum from the measurements 
of the slopes of the latitude curves. 

Using the above relations, we shall consider the 
change of primary spectrum within the period 1948 (t,) 
to 1954 (t2) by using the data in Fig. 2 obtained at 80 
west longitude. The ratio R’(1954)/R’(1948) was meas- 
ured graphically at A= 40°, 42°, 44°, 46°, 48° and 60°. 
lo describe the differential spectrum (1954), we must 
know j(1948). In the period 1948-1950, there were 
measurements made near the top of the atmosphere by 
several observers to determine the low-rigidity primary 
spectrum.* Their results are best described in the form 

J=C(p/2 

shown as the solid line in Fig. 7 extended to the low- 
rigidity cutoff observed in 1948. Using the spectrum 
for 1948, we have computed the rigidity spectrum for 
1954. The points are shown in Fig. 7. The dashed curve, 
which represents the 1954 spectrum, has been fitted to 
the 1948 spectrum at a particle rigidity corresponding 
to minimum-rigidity particles arriving from the vertical 
at A\=40°. We shall show below that this fit at \=40 
represents the lower limit for the change of total primary 
intensity which occurred between 1948 and 1954. In this 
way we dispose of the unknown constant K. 

The dashed curve through the calculated points in 
Fig. 7 is well represented by a straight line and, hence, 
by a new spectrum, 


j(1954) =C'[p/a}*". 

Rather large errors must be assigned to the exponent 
2.7; in fact, it is likely that the exponent is a function of 
particle rigidity. It should be noted that the change of 
exponent is independent of the value AK. The shaded 


portion of the 1954 curve is indeterminate because 
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Fic. 6. The charged particle intensity as measured by vertical, 


triple-coincidence counter telescopes with 10-cm Pb absorber. The 
1948 data were published by Biehl and Neher.* The 1954 
data were obtained on the aircraft flights described in Figs. 2 
and 3. All data are for atmospheric depth 310 g/cm* 





* Winckler, Stix, Dwight, and Sabin, Phys. Rev. 79, 656 (1950); 
M. L. Vidale and M. Schein, Nuovo cimento 8, 774 (1951) 
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particles of these low rigidities were not present in 
1948. 

As noted earlier, the particles which are responsible 
for the change in spectrum between 1948 and 1954 
must have already been present by 1951 since there is 
no appreciable difference between the shapes of the 
1951 .and 1954 latitude curves, as shown in Figs. 3 
and 4(b). Consequently, the major changes in the 
portion of the spectrum covered by our experiment took 
place in the earlier period. 


Vv. CHANGE IN TOTAL COSMIC-RAY INTENSITY 
BETWEEN 1948 AND 1951 

We now inquire into the possible change of total 
cosmic-ray intensity between 1948 and 1951 arising 
from this change in spectrum. If we assume that the 
total intensity had been constant in this period—as 
represented by the arbitrary normalization of the curves 
in Fig. 4(a) at high latitudes—then, in order to agree 
with observations, an intensity decrease would have to 
be observed at intermediate and low latitudes, But this 
is in contradiction with the experimental evidence 
recently published by Forbush" wherein he measured 
mean cosmic ray intensities with shielded, Compton- 
type ionization chambers which detect the intensity 
changes of primary particles of higher mean energy 
than in our experiment. From his data, shown in Fig. 8, 
it is clear that a world-wide increase in intensity 
occurred between 1948 and 1951. To relate this change 
of intensity to the lower energy portion of the primary 
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Fic. 7. The change in spectrum deduced from latitude curve 
sneasurements indicates that if the differential spectrum in 1948 
was represented® by j= C(p/z)* then the 1951 spectrum is well 
represented by j= C(p/z)*’, except perhaps at very low particle 
rigidities. The normalization at 4.4 Bv, as shown in Sec. V, will 
give the minimum value for the change of total intensity which 
occurred between 1948 and 1951 


*” S. E. Forbush, J. Geophys. Research 59, 525 (1954). 
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Fic. 8. Annual means of cosmic-ray intensity measured with 
shielded ionization chambers by Forbush.” 


spectrum we made the assumption that the exponent 
of the differential power law spectrum did not decrease 
between 1948 and 1951 for particle rigidities >4 Bv. 
It then follows that, since the ionization chamber 
intensity increased in this period, the differential in- 
tensity for 7(1951) at 40° must not be less than for 
j(1948). Thus, from matching the neutron intensities 
at 40° latitude and 80° west longitude, Figs. 2 and 7, 
we see that there is an observed increase of total cosmic 
ray intensity of at least 13% at 310 g/cm* within the 
three-year period, and that this represents the minimum 
total intensity change. 

It is probable that in addition to this total intensity 
increase brought about by changes in the spectrum, 
there may have been further total intensity changes in 
the period 1951-1954 without changes in the spectrum 

such a change would not be measured with our 
apparatus without determining the constant K. 


VI. CONCLUSIONS 


In the introduction we divided the regions in which 
the cut-off mechanism might be operative into (a) the 
earth and its immediate vicinity, (b) the solar system, 
and (c) the space outside the solar system. Using our 
new experimental] evidence for the change in low rigidity 
cutoff and change in shape of the primary spectrum with 
time, we shall now explore which of these regions most 
probably is associated with the basic mechanism. 

First, let us assume that the mechanism is of ter- 
restrial origin (region a)—that is, the effect exists only 
as a result of the presence of the earth and its electro- 
magnetic field systems. The geomagnetic field which 
interacts with incoming charged particles arises prin- 
cipally from the earth’s permanent field with smaller, 
additional contributions from external current systems, 
such as a ring current. These currents are assumed to be 
axially symmetric with respect to the earth’s equivalent 
permanent dipole moment. It is the latter kind of 
magnetic field system which is invoked by Chapman 
and Ferraro to explain magnetic storms. Additional 
current systems in the ionosphere at present appear to 
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produce fields of too short a range to appreciably in- 
fluence the geomagnetic cutoff. 

If we assume that the geomagnetic field undergoes a 
change with time, the total cosmic-ray intensity as 
observed at high latitudes (above the “‘knee” of the 
latitude curve) should not change as illustrated by the 
arbitrary fitting of the two curves in Fig. 4(a). But we 
know that this is contrary to experimental evidence 
since no cosmic-ray intensity decrease was observed at 
intermediate latitudes. (An independent argument sup- 
porting this view is that the change in dipole moment 
required to account for the observed shift in cutoff 
latitude would amount to about 30°. Changes of this 
magnitude are not known to exist.) 

The shadow cone of the earth at high magnetic lati- 
tudes influences the total intensity of particles arriving 
at large zenith angles. Since the main contribution to 
the total nucleonic component intensity at 310 g/cm? 
arises from those primaries which arrive within a zenith 
angle of approximately 45°, it is clear that changes in 
the shadow cone which might be brought about by the 
changes in quadrupole or higher order contributions to 
the magnetic field have little influence upon the ob- 
served total intensity. 

Although there is no evidence that geoelectric fields 
of the order of 0.1~1 Bv exist, this possibility has been 
frequently discussed. If the particles from a primary 
spectrum, with or without a cutoff of low rigidity, pass 
through a geoelectric accelerating field (approximately 
1 Bv) the lowest rigidity particles will appear near the 
cutoff observed in 1948. A subsequent decrease of the 
proposed field would be required to account for the 
observed 3° northward shift of the cutoff. But this 
decrease in field wil! be associated with a decrease of 
cosmic-ray intensity at intermediate latitudes in con- 
tradiction with the facts. Thus, no geoelectric field can 
be invoked to account for this effect. 

We, therefore, conclude that neither known terrestrial! 
magnetic fields nor assumed geoelectric fields produce 
the changes in the properties of the low-energy primary 
particles described in this paper and we, therefore, 
discard possibility (a). 

It might then be argued that the cutoff in the primary 
spectrum is a fundamental! characteristic of the cosmic 
radiation throughout our galaxy (region c) and is not an 
effect restricted to the solar system. If there were some 
property of the accelerating mechanism which could 
introduce a cutoff, it would even then be difficult to 
keep the spectrum free of lower rigidity particles after 
the radiations have reached equilibrium, since particles 
near 1 Bv may suffer losses in energy. It appears prob- 
able that the particle spectrum would extend to near 
zero energy. Likewise, if there is a mechanism within 
our galaxy which removes low-energy particles, the 
same difficulty would exist unless we are making our 
observations at some very special position in the 
galaxy. A further objection is that the time scale for 
spectral changes of galactic origin is orders of magni- 
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tudes longer than the time scale encountered in our 
measurements. 

We are led, therefore, to consider the cutoff as a 
mechanism operative within the solar system (region 6). 
If it should subsequently develop, as may well happen 
that the long-time changes of total cosmic-ray intensity 
shown by Forbush” to be related to the general level of 
solar activity, is also related to the change of cutoff 
which we report here, this would be further evidence 
that the mechanism is a property of the solar system. 

Ellis and Van Allen" find that the low-rigidity cutoff 
in 1953 appears to be the same, within the experimental 
errors, for both protons and heavy nuclei. If subsequent 
experiments show that a common rigidity cutoff persists 
throughout the changes in cutoff with time then a 
mechanism involving magnetic fields will be required. 

As mentioned before, Janossy' had, as early as 1937, 
invoked a perfect, general magnetic dipole field on the 
sun to account for the observed cutoff which, at that 
time, was thought to be at geomagnetic latitude ~50°. 
During the past eight or nine years, however, it has be- 
come apparent that the general field of the sun is an 
order of magnitude lower than had been assumed in 
earlier years. It seems to be highly doubtful that the 
general solar field at present has an intensity on the 
sun’s surface of more than 5 gauss. Thus, solar observa- 
tions lead to a dipole moment far too small to account 
for the range of cutoffs observed in our studies. Even if 
the solar magnetic moment were sufficiently large it 
would be necessary to postulate both a perfect dipole 
field and a change in its magnetic moment with time 
to account for our experimental evidence. There is 
an additional difficulty with the solar field hypothesis 
in that a large cosmic ray diurnal effect at high latitudes 
is expected but is not found by experiments.” 

At the present time, therefore, we have the possi- 
bility that the cut-off mechanism, and its change with 
time, is a property of a volume in space having roughly 
the dimensions or scale length of our solar system. It 
is quite possible that a distribution of magnetic fields 
may be found in the interplanetary space of the solar 
system which will prevent low-energy particles present 
within the galaxy from entering the solar system near 
the position of the earth’s orbit. For example, if the 
level of general solar activity controls the configuration 
of outlying magnetic fields—such as outgoing clouds of 
ionized matter containing magnetic fields—the eleven 
year changes of cosmic-ray intensity and the changes 
in the low rigidity cutoff reported here, could have a 
common origin. 


VIl. SUMMARY 


High-altitude measurements over the years 1948 
through 1954 have revealed the fact that the lowest 


“ Ellis, Gottlieb, and Van Allen, State University of Iowa 
Report S.U.I.-54-3, 1954 (unpublished). 

“DPD. I. Dawton and H. Elliot, J. Atm. and Terrest. Phys. 3, 
217 (1953). 








rigidities for particles which reach the earth have 
changed significantly between 1948 and 1951. This 
effect was measured by observing a shift of 3° in cut-off 
latitude. Thus, additional, low-rigidity particles have 
been admitted to the top of the atmosphere since 1948. 
The measurements were obtained by observing nucle- 
onic component intensity and were independently con- 
firmed by vertical counter telescope measurements. 

In addition, we found that the power-law spectrum 
of the form 

j=C(p/s)" 

assumed to be represented in the low-rigidity spectrum 
in 1948 by »~2 must have a new exponent n= 2.7 in 
1951, within an interval of particle rigidities ~1-4 Bv. 
The change in cutoff appears to be associated with a 
change in the shape of the primary spectrum. Finally, 
this change in spectrum and cutoff is accompanied by 
an increase in total cosmic-ray intensity amounting to 
more than 13°, between 1948 and 1951. Also, there 
may have been additional intensity increases during 
times of no spectrum change (probably after 1951) 
which could further increase the total intensity. 

From these experimental facts it is deduced that the 
low-rigidity cutoff in the primary spectrum is not of 
terrestrial origin. Measurements of the general solar 
magnetic field over the past decade indicate that the 
solar dipole field does not account for this effect. The 
evidence, therefore, points at the present time to a 
mechanism which is operative within the volume of our 
solar system. 
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Note: Neher and Stern” have repeated in 1954 the 
same type of high altitude ionization chamber measure- 
ments they reported in 1951. They find in 1954 that 
new, low-energy particles are arriving at latitudes above 
about 58°N. and that there was in July-August, 1954 
no low-rigidity cutoff, at least down to proton energies 
of ~0.15 Bev. They find evidence for even lower energy 
radiation near the top of the atmosphere at the geo- 
magnetic pole. Below 58° the total change of intensity 
between 1951 and 1954 was small. Thus, we note that 
not only was the low-rigidity cutoff changing between 
1948 and 1951, but, from these recent data, is found to 
recede further. In 1954, the existence of any cutoff at all 
is in doubt. From these new measurements of Neher’s it 
turns out that the onset of the absorption cutoff for the 
nucleonic component at aircraft altitudes is in the region 
of 57-58°. 

For assistance in preparing the electronic apparatus 
and detection systems, we wish to thank Mr. Rochus 
Vogt, Mr. John Erwood, and Mr. John Horton. We 
appreciated the help of the men of W.C.U., Wright Air 
Development Center for installing the equipment. For 
remarkable assistance in carrying out the flights and 
for handling the aircraft, we are especially indebted to 
the pilot and co-pilot, Captain T. M. Sumner and 
Captain R. Rice, and the men of bomber operations 
and maintenance, Directorate of Flight and All-Weather 
Testing, W.P.A.F.B. 
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The relative yield of x* mesons has been determined for 335 
Mev protons on several elements. Specifically, the relative differ 
ential cross section, d*e/dE dQ, was measured at 0°+4° in the 
reaction p+A —+ x*+A’ for D, Be*, B®, B(natural), C, Al, Cu, 
Fe, Ag, and Pb. The x*-meson energies ranged from 34 to 147 
Mev. They were counted electronically from signals generated in 
a trans-stilbene crystal telescope. Identification of the x* meson 
depended upon a coincidence in the first two crystals plus the 
*—y* decay in the third crystal of the telescope. 

No special isotope effects were observed for the x*-meson 
spectra from the isotopes Be’, B', B(natural), and C. 

For C, Cu, and Pb the relative +*-meson yield per nucleus is 


I. INTRODUCTION 


HE dependence upon atomic number of the pro- 
duction of x mesons by proton bombardment of 


” © This work was done under the auspices of the U. S. Atomic 
Energy Commission. 
+ Now at U. S. Navy Electronics Laboratory, San Diego 52, 


California. 


proportional to the product of two factors, (@) the number of 
protons in the. nucleus, (6) an attenuation factor F which is 
derived from proton and meson mean free paths in nuclear matter. 
These mean free paths are consistent with those calculated from 
measured interaction cross sections of protons and mesons with 
C, Cu, and Pb 

The importance of meson scattering within nuclear matter is 
discussed in the case of carbon. Also the total x*-meson production 
is estimated for carbon from the experimental proton-proton 
cross section and is compared with the experimental results for 
carbon. 


complex nuclei has been partially investigated.’~’ 
Except for references 2 and 7, the yield has been meas- 


'D. L. Clark, Phys. Rev. $1, 313 (1951). 

? Hamlin, Jakobson, Merritt, and Schulz, Phys. Rev. 84, 857 
(1951). 

*1D. L. Clark, Phys. Rev. 87, 157 (1952). 

* Block, Passman, and Havens, Phys. Rev. 88, 1239 (1952). 
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ured for angles other than 0°. The data presented here 
were taken at 0° 

In general the x*-meson yield per nucleus increases 
with increasing nuclear size. A first approximation 
might be that the yield should vary as nuclear area. 
Such a yield would be expected from a strong interaction 
between the struck nucleus and either the emergent 
meson or the incident proton. In this case only the 
nuclear surface could take part in the production 
process. The next approximation might be to assume 
that most of the x*-meson yield arises from p+ p rather 
than p+n interactions, and hence only the protons on 
the nuclear surface should be effective in producing of 
x* mesons. The total yield would now be expected to 
vary as 

r* yield~(Z/A)A!, 

where A!~nuclear area and Z/A~relative abundance 
of protons in nucleus. The actual yield falls between the 


IVB. 


above two limiting cases and is discussed in Sec. 
Il. EXPERIMENTAL ARRANGEMENT 
A. General 
lhe external beam of the 184-inch cyclotron impinged 
upon either the high-pressure deuterium target or the 
solid target identified as “meson production target.”’ 
See Fig. 1 
separated magnetically from the proton beam. The 


The mesons, coming off at 0°, were 
mesons then passed through the copper meson absorber, 
which reduced the meson kinetic energy to approxi- 
mately 21 Mev. To be counted, a meson had to pass 
through the first two crystals, and stop and decay in 
the third crystal. The experimental arrangement is 
similar in detail to that of Schulz et al.* 


B. Targets 


The target thickness for all solid targets was chosen 
so that the 340-Mev protons lost 10 Mev in traversing 
the target. The only exception to the 10-Mev limitation 
in thickness was allowed for the high-pressure deu- 


*R. Sagane and W. F. Dudziak, University of California 
Laboratory Report UCRL-2317 and 2304, 1953 (unpublished 

*R. Sagane and W. F. Dudziak, Phys. Rev. 92, 212 (1953); 
Phys. Rev. 93, 948 (1954 

? J. Merritt and D. Hamlin, Phys. Rev. 95, 638 (1954 

* Schulz, Jakobson, Hamlin, and Merritt (to be published) 
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terium target for run No. 2, in which case the pressure, 
2000 psi, corresponded to a proton loss of 17 Mev. 
Run 1 was taken at a pressure of 1000 psi corresponding 
to a 10-Mev proton loss. Figure 2 shows that the shape 
of the spectrum was not distorted by running at the 
higher pressure. (See Fig. 2.) The high-pressure deu- 
terium target was a modification of the target originally 
designed and built by White ef al.’ It consists of a long 
cylinder surrounded by a liquid-nitrogen jacket in turn 
enclosed in a vacuum system. The important target 
specifications are: (a) 5.11 g/cm? of deuterium at 2000 
psi; (6) 1.78 g/cm®* of stainless steel end walls; (c) 
2-inch diameter and 24-inch length. 

The B® target was on loan from the U. S. Atomic 
Energy Commission. It had been prepared by electro- 
magnetic separation, and can for all practical purposes 
be considered as 100 percent pure. 


ill. DATA REDUCTION 


A. General 


The direct experimental data consisted of net meson 
counts per unit of integrated beam intensity. Three 
steps were required to obtain absolute differential 
cross sections, as follows: 

(1) Normalization. The relative counting efficiency 
was measured by a standard target and the data were 
normalized accordingly. The deuterium data presented 
a special problem because the target was so thick. It 
was necessary to estimate both meson and proton 





® RUN |, TARGET FULL 1,000 
psi 
@ RUN 2, TARGET FULL 2,000 
psi 
a TARGET EMPTY (NORMAL- 
IZED FOR SUBTRACTION) 4 


a 


TT YiELO a’ Osean 


RELATIVE 


KINETIC ENERGY Tr (MEV) 


deuterium plus high- 
Mean 


Fic. 2. Spectrum of x* mesons at 0° from 
pressure target. (Note all corrections have been made 
proton energy 335 Mev 


® White, Jakobson, and Schulz, Phys. Rev. 88, 836 (1952). 
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TaBLe I. Typical correction factors. 














Meson Multiple 
kinetic Energy Meson loss Coulomb 
energy resolution in meson Decay in scattering 
(Mev) of detector absorbers flight loss 
35 1.36 1.04 1.19 1.10 
64.5 1.90 1.17 1.13 1.11 
106 2.26 1.45 1.10 1.21 
143 2.39 1.79 1.08 1.29 


attenuation within the target and also excitation func- 
tions for meson production. 

(2) Corrections: (a) multiple Coulomb scattering 
losses, (b) variation of energy resolution of detector 
with meson energy (c) meson and proton attenuation 
losses in the target and copper meson absorbers, (d) 
decay in flight. 

(3) Transformation from relative to absolute cross 
sections. Absolute cross sections were determined by 
comparison with carbon data, for which Dudziak has 
measured the absolute cross section by nuclear emulsion 
techniques.” 


B. Corrections 


Multiple Coulomb scattering in the meson energy 
absorber scatters some mesons out of the crystal tele- 
scope. A correction was calculated by using the multiple- 
scattering distribution functions developed by Eyges." 
The energy resolution of the detector varies with energy 
in a manner calculable from range-energy curves.” The 
attenuation of mesons in the copper absorbers was cal- 
culated by using the geometric nuclear area given by 
m(1.4A')?X10-*° The decay-in-flight correction 
was calculated on the assumption that the +*-meson 
mean life is 2.54X10~* sec." Typical corrections ex- 
pressed as multiplication factors are shown in Table I. 


cm’. 


C. Errors 


For the experimental results being reported the errors 
are standard deviations arising from counting only. 
For a given meson energy the errors of the relative 
cross sections should be correctly given by the statistical 


TaBue II. Estimated magnitude of systematic errors. 


atic error in the 





Meson nuclear 


Meson kinetic interactions in Multiple Coulomb 
energy meson absorbers scattering loss 
Mev) , ©) 
65 5 2 
105 10 4 
145 15 6 


 W. Dudziak, University of California Radiation Laboratory 

Report UCRL-2564 (unpublished) ; Phys. Rev. 95, 866 (1954). 
'L. L. Eyges, Phys. Rev. 74, 1534 (1948). 

Aron, Hoffman, and Williams, University of 
Radiation Laboratory Report UCRL-121, second revision, 
unpublished 

tg ee Schulz, and Steinberger, Phys. Rev. $1, 894 (1951). 

. Wiegand, Phys. Rev. 83, 1085 (1951). 
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Tas_e IIT. Relative differential cross sections for +*-meson 
production at 0° by 335-Mev protons. Kinetic energy of r*=53 
Mev. 


Target (Relative) d*e dE Lied 
Be 11.4+ 2.0 
¢ 15.34 3.7 
Al 21.7% 45 
Fe 50.0+ 10.0 
Cu 42.04 7.0 
Ag 60.0+ 10.0 
Pb 50.0+12.0 


counting errors, because all the correction factors are 
fixed for a given meson energy. The comparison of 
differential cross sections at different meson energies is 
another matter. In this case there may be systematic 
errors in the correction for multiple Coulomb scattering 
loss and for meson loss due to nuclear interactions in 
the copper meson absorbers. It is estimated that the 
systematic error of these corrections is not greater than 
shown in Table IT. 

The absolute values assigned to the production cross 
sections are normalized to Dudziak’s" nuclear emulsion 
data for the reaction 


p+ C+ rt+A’, 
where A’ represents any possible reaction products. 
Thus any absolute error in his measurements appears 
also in the absolute values given here. His experimental 
values are: 


Meson kinetic energy (Mev dt¢/dE dQ (10°* cm? Mev™ sterad™) 
56 12.162-0.62 
72 15.724-0.63 


90 20.7640.90 


IV. RESULTS AND INTERPRETATION 
A. General 


The results of this experiment are summarized 
Tables III to V inclusive and Fig. 3. 

The data shown in Table III (reported earlier’) 
indicated a smooth variation of meson yield as a func- 
tion of atemic number. The same conclusion was borne 
out by the work of others.'*-* The data exhibited in 
Table IV showed that the yield of mesons did not alter 
radically between neighboring isotopes. It was decided, 


Tasie IV. Absolute differential cross sections for x*-meson pro 
duction at 0° by 335-Mev protons. 
—— d*¢/dE dQ (10°* cm* Mev™ sterad 
(Mev) He* BY B (natural Cc" 
«4 4.2+1.6 3,541.4 43414 7.1418 
51 8.542.2 7.6421 8.1423 11.9425 
“9 7842.9 15.0+2.9 14.643.1 1544+3.6 
88 17.9%3.7 13.743.2 154=3.8 16.0+4.3 
110 10.7444 13.0+4.0 10.343.6 14.844.7 
129 5343.8 7.7448 3.643.6 11.2+4.6 
de/dQ (10°™ cm* sterad™) 
15.042.2 16.742.2 21.042.3 21.0+42.5 
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Tasie V. Absolute differential cross sections for x*-meson pro- 
duction at 0° by 335-Mev protons 


o* kineti ‘oe db 10 Me * 
enetg Me ( Cu Pb 
52 9741.6 21.842.9 46.7474 
65 15.0+2.2 . 
58 19.741.7 32.44-4.5 73.7498 
147 11.4+1.5 23.624.7 40.8495 


therefore, to reduce the number of elements and meson 

energies observed in order to achieve better statistics. 
The yield was measured from only C, Cu, and Pb and 

for only the three meson energies 52, 88, and 147 Mev. 
See Table V. 

The deuterium spectrum is exhibited in Fig. 3. 
Within statistics the curve agrees with the maximum 
kinetic energy allowed by kinematics, 136 Mev. The 
curve was located by eye to give the best fit to the data 
irrespective of the 136-Mev cutoff. The curve, as drawn, 
cuts off at a slightly higher energy than 136 Mev. The 
curve of Fig. 3 is the difference between the two curves 
exhibited in Fig. 2: target full and target empty. 


B. Model for Complex Nuclei C, Cu, and Pb 


The data of Table V can be interpreted by means of 
a crude nuclear model, which is similar to that of 
Gasiorowicz."* 

(a) The large x*/x~ ratio’ 
bombardment of carbon indicates that the production 
of x* mesons occurs primarily for p+ type collisions 


observed for proton 


within the nucleus. 

b) The considered to 
nucleons having a distribution 
assumed to be the same for C, Cu, and Pb. The details 


nucleus is consist of free 


momentum that is 
of the momentum distribution do not enter into the 
calculation. The only important assumption is that the 
momentum distribution, whatever it may be, is iden- 


tically the same for C, Cu, and Pb. For a specific 
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Fic. 3. Spectrum of #*-mesons at 0° from deuterium for the reac- 
tion p+d —+ «*+A’. Mean proton energy 335 Mev 


%S. Gasiorowicz, Phys. Rev. 93, 843 (1954). 
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incident-proton energy the production of mesons within 
the nucleus should therefore be the same in C, Cu, and 
Pb except for the differences in the numbers of protons 
and neutrons. Exclusion effects on final-state nucleons 
are neglected. 

(c) Some mesons produced within the nucleus are 
reabsorbed ; A, = mean free path for meson absorption. 

(d) As the bombarding protons pass through the 
nucleus they are attenuated by processes competing 
with meson production ; \,=mean free path for proton 
absorption by competing processes in nuclear matter. 

(e) Elastic scattering of mesons within the nucleus 
is ignored. 

(f) Coulomb barrier effects are considered negligible. 

The functional relation between the x* yield and the 
atomic number of the target nucleus can be readily 
calculated. First, the x* yield should be proportional 
to the atomic number of the struck nucleus. Further- 
more the effects of the internal-momentum distribution 
of the nucleons of the target nucleus will be the same 
for C, Cu, and Pb. Secondly, there will be an attenu- 
ation of the incident proton and emergent meson 
within the struck nucleus. This attenuation factor, F, 
is a function of three parameters: nuclear size, proton 
mean free path A,, and meson mean free path A,. F is 
© POINT OF MESON 

PRODUCTION 


Fic. 4. Proton and 
meson paths in nu- 
cleus 


= PATH LENGTH OF 
PROTON IN NUCLEUS 


S* PATH LENGTH OF 
MESON IN NUCLEUS 





defined as the ratio of actual meson yield with proton 
and meson attenuation to the hypothetical meson yield 
with no attenuation of protons and mesons. 

Figure 4 illustrates the geometry of the production 
process. A proton travels a distance r in the nucleus 
before producing a meson, which then travels a distance 
s before escaping from the nucleus. Clearly, 


r~f exp(—r/A,) exp(—S/Az). 
The total *-meson yield is then expected to vary as 
x+ yield~ZF, where Z=atomic number of struck 
nucleus. The values taken for A, and A, are given in 
Table VI. 

Set 1 was used by Hales"® in his analysis of the yield 
of x® mesons from proton bombardment as a function 
of atomic numbers. The value 3.6X10~" cm is based 
on taking the average of the experimental values for 
scattering cross section for p+p and n+p 
collisions. 

Set 2 is based on the experimental results of Kirsch- 
baum," measured the total attenuation cross 


elast 


who 


‘© R. W. Hales, University of California Radiation Laboratory 
Report UCRL-1836, 1952 (unpublished 

"A. J. Kirschbaum, University of California Radiation 
Laboratory Report UCRL-1967, 1952 (unpublished) 
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section for 340-Mev protons on C, Cu, and Pb, from 
which he was able to calculate a mean free path for 
protons in nuclear matter. His mean free paths are 
expected to be too large because he counted all protons 
falling within the energy range 320 to 340 Mev as being 
unattenuated. If Kirschbaum had counted only those 
protons falling within the range of, say, 335 to 340 
Mev, his calculated A, would have been smaller and 
more realistic for the purposes of this analysis. 

Set 3 of A, is arbitrarily chosen to fall between Sets 1 
and 2. When combined with a reasonable \,, the data 
are better fitted by the A, of Set 3 than by the other 
two sets of A>. 

The A, were taken from Stork,'* who calculated the 
mean free path for mesons in nuclear matter from his 
data on an attenuation experiment of x* mesons. 

In Fig. 5, (0 /dE dQ)/ZF is exhibited. The points for 
each meson kinetic energy should lie on a horizontal line. 

The x* yield is consistent with the chosen values of 
A, and \,. It should be emphasized, however, that the 
data could also be fitted with other sets of A, and A, 
in which X, is increased and A, decreased, or vice versa. 


& 


TaBLe VI. Meson and proton mean free paths 


x*-meson kinetic energy (Mev Meson mean free path, A, (10 " 
55 7.0 
85 2.8 
145 A.J 
Element Proton mean free path, Ap (10°" cm 
Set 1 Set 2 Set 3* 
& 3.6 4 4 
Cu 3.6 6.25 5 
Pb 3.6 8.3 6 


p actually used 


C. Elastic Scattering of Mesons in Nuclear Matter 


Leonard” measured the differential production cross 
section at 180° for the reaction 


P+C > at+A’. 


His observed yields were 4 to 30 times his calculated 
yields, depending upon his assumptions for the internal- 
momentum distribution for nucleons in carbon and the 
excitation function for the reaction 

p+p— atta’. 

A possible explanation for this discrepancy is elastic 
backscattering of mesons within nuclear matter. The 
experimental ratio for x*-meson yields at 0° and 180° 
from p+C — 2*+A’ is 


da da 21.0+0.05 
“ cor) / (180°) = 
dQ dQ 1.77+0.27 


It would take a small amount of backscattering of 
mesons produced at 0° to augment the yield at 180° by 


8D. H. Stork, Phys. Rev. 93, 868 (1954 
%S. L. Leonard, Phys. Rev. 93, 1380 (1954) 


=11.9+1.2. 
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Fic. 5. Relative x*-meson yield at 0° divided by ZF for C, Cu, 
and Pb. Mean proton energy 335 Mev. F is an attenuation factor 
defined in the text. 


a factor of 4. Specifically the yield at 180° could be 
increased from 1.77/4 to 1.77 by a backscattering of 
(3/4) (1.77) /21=6 percent of the 0° mesons. The mean 
free path for elastic backscattering as calculated from 
experimental free meson-nucleon elastic scattering of 
mesons is not inconsistent with this percentage. 


D. Calculation of Total «*-Meson Production 
Cross Section for Carbon 


The do/d@ has been measured for p+C — wt+-A’ at 
three angles for an incident-proton energy of 340 Mev. 


0 do /dQ (10°** cm? sterad Reference 

0 21.0 10 
90 3.35 10 
180 1.77 19 


From these data and similar data for hydrogen it is 
possible to calculate the experimental value of @-.) 
defined as the total r* production cross section per 
proton in carbon relative to that in hydrogen. (See 
Table VIL.) 

For comparison purposes the expected yield from 
carbon was calculated with the following assumptions: 

(a) The x*-meson production arises from only p+p 
collisions within the carbon nucleus. 

(6) The internal-momentum distribution within the 
carbon nucleus is given by a Gaussian function such 
that the probability falls to 1/e for a nucleon of energy 
16 Mev. Such a distribution is suggested by the work 
of Cladis et al.” on the energy spectrum of protons 
scattered from carbon 

Tase VII. Production of r* mesons in carbons and hydrogen 
by 340-Mev protons. Calculated values for or; on basis of various 


assumptions, where ore; is the total r* on eng cross section 
per proton in carbon, relative to that in hydrogen.* 


Attenuation of protons Excitation function 


and mesons T*(cm) T,*(cm) 
No 8.3 38 
Yes 2.7 1.2 


* The experimental value of ere: is 2.7 


* Cladis, Hess, and Moyer, Phys. Rev. 87, 425 (1952). 
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c) Two excitation functions were tried, T,' and T,’, 
T, is the meson kinetic energy in the center- 
Schulz ef al and of 
= were fitted by the two 


in which 


of-mass system. The data of 
Durbin, Loar, and Steinberger 
forms of the excitation function. The 7,! excitation is 
by pseudoscalar 


the energy dependence predicted 
theory with pseudovector coupling. The 7,’ excitation 
gives a better fit to t 
Block, and Havens,” 
ptp—d+r* at 9°. 


(d) The angular distribution measured by Stevenson™ 
of the 


he experimental data of Passman, 
who measured the excitation for 


was used for the angular integration above 


interaction 

(e) Thirty percent 
for the alternate rea 
formed), p+p— pt+n+rn". 


With the above assumptions, the total produc tion of 


was added to the x*-meson yield 
’ 


‘. 1a 


tion (in which deuterons are not 


mesons within the nucleus was calculated in three steps 
a) transformation to the center-of-mass system for the 
(h 
determination of yield 


incident proton and particular nucleon, calculation 
of 


by the excitation function. Next the effect of attenua 


( 


the energy available, and 


The results 


tion of protons and mesons was estimated 
of the calculation are summarized in Table VII: 
rhis calculation is uncertain for a number of reasons 
*% Schulz, Hamlin, Jakobson, and Merritt, Phys. Rev. 87, 219 
(1952 
# Durbin, Loar, and Steinberger, Phys. Rev. 84, 581 (1951 
* Passman, Block, and Havens, Phys. Rev. 88, 1247 (1952 
™M. L. Stevenson, University of California Radiation Labora 


2188, 1953 (unpublished 
and Wilcox, Phys. Rev 


Report UCRI 
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The excitation function is being extrapolated far beyond 
experimental values. The internal-momentum distri- 
bution is uncertain for the high-momentum components. 
The model is very crude. A number of rough approxi- 


mations were made to simplify the calculations. 


V. CONCLUSIONS 


(A) The yield of x* mesons varies as a smooth 
function of atomic number. 

(B) No special isotope effects were observed for the 
x*-meson spectra from Be’, B”, B(natural), and C™. 

(C) The yield as a function of atomic number can be 
explained in terms of (1) production of x* mesons only 
from p+ collisions, and (2) attenuation of mesons and 
protons with reasonable mean free paths given in 
Table VI, Set 3. 

(D) The magnitude of A, is of the right order to 
account for sufficient attenuation of mesons to explain 
in turn the total production cross section for #* mesons 
produced by proton bombardment of carbon. 

(E) For production at other angles than 0°, it is 
probably important to consider the effect of elastic 
scattering of mesons within nuclear matter. 
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3 Decay of K-Mesons and the Classification of K-Meson Decays 
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Three wel < hed cases of K-electron decay e been observed at Rochester. The secondary electrons 
inge energy tr 20 to 261 Mev showing that the decay involves at least 3 partic les. The available data 
es ecays observed in nuclear emulsion is analyzed from the point of view of asking how many of 
e secondaries are consistent with the assumption that they are «4 mesons from the K,3 decay or electrons 
f the A,3 decay. It is found that an appreciable fraction (~ } to 4) of the observed decays are consistent 
with this assignment. The observed branching ratio is consistent with that deduced from a Fermi interaction 
the lifetime predicted on the basis of a universal Fermi interaction seems shorter than that suggested by 
‘ servations in emulsion. It is concluded that the existing data on K-mesons is consistent with the 
ussumption that there exists at least five separate decay schemes and that it is possible for each case to 
nsider the parent A-meson as having integral spir 
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events observed at Rochester support this view and 


G. Friedlander ef al., Phil. Mag. 45, 1043 (1954); C. Dahana 
yake ef al., Phil. Mag. 45, 1219 (1954 
* Proceedings of the Fifth Annual Rochester Conference (Uni 
versity of Rochester, Rochester, New York, to be published) 
Data on K-electron decays were reported by G. Goldhaber from 
K-mesons produced by the Bevatron and by M. F. Kaplon and 
M. G. K. Menon from observations on the cosmic radiation 


B DECAY OF K-MESONS 


TABLE I. Statistics of four K-meson decays. 











Primary Secondary 
Mass 
Ionization Scattering— Observable 8 (Mev/o) 

Event Origin Range (cm range range range (cm) e* (emission) ‘emission) Identity 

K-12 10+7, 73 912489 940+ 240 3.6 0.96+0.03 261434 e 

K-21 16+9, 1.5 840+ 145 1270+ 290 0.04 1.06+0.2 2045 e* 

disappears in flight 

K-20 5+0, 0.48 see 3.7 1 +0.06 2104-40 e* 

K-7 2+3, 2.02 980+ 130 1.66 sae E=28 aw ending in 
Mev emulsion 


give some additional information concerning the decay 
characteristics. The events were observed in a stack of 
49 4 in.X6 in.X600y stripped emulsions exposed at 
balloon altitude. The events giving identified electron 
secondaries are catalogued in Table I with their 
essential statistics; we have included here for com- 
parison also an event observed in this laboratory in 
which the decay particle is brought to rest and is 
identified directly as a u meson. 

In the first event, K-12, the secondary is observable 
for 3.6 cm, traversing 6 emulsions with an average 
length per emulsion of 7 mm (the path length in the 
first emulsion is 1 mm). Scattering measurements on 
this secondary show that its momentum decreases 
markedly along its trajectory while its ionization re- 
mains constant. The ionization and scattering for the 
median points of five approximately equal segments of 
the track are given in Table II; the range R is from 
the decay point to the median point of the segment. 
In Fig. 1 we have plotted (points marked with a x) 
the values of the secondary energy in units of its initial 
value against distance from the decay point in units of 
the radiation length (3.2 cm for this energy). The 
central solid curve represents the median behavior of 
an electron of this energy losing its energy almost com- 
pletely by bremsstrahlung, while the enclosed area 
defined by the upper and lower curves corresponds to a 
probability of 50% centered on the median that an 
electron will behave in this way. It is thus quite evident 
that the behavior of this secondary is most readily 
explainable in terms of known particles by assuming it 
to be an electron. The probability that a «4 meson would 
lose energy in this way is lower by a factor of at least 
10-*. We conclude then that this secondary is with 
high probability an electron whose energy at emission 
is 261+34 Mev. 

Additional support for this view is obtained by con- 


Tas_e II. Ionization and scattering measurements on the 
secondary of K-12. The range given is from the decay point to 
the median point of that segment 

















Segment R (cm rd 26 (Mev/c) 
1 0.42 0.96+-0.03 261+34 
2 1.14 0.96+0.04 226435 
3 1.76 1.02+0.04 192427 
4 2.47 0.96+0.04 167422 
5 3.23 1.01+0.04 150422 











sidering the lower limit for the primary K-particle mass 
obtained by assuming that the secondary is either a 
# meson or an electron. For the assumption of a u 
secondary we find Mx>1130+120m,, while for an 
electron secondary Mx>1020+130m,. The observed 
mass (weighted mean) is 916+89m,. The average mass 
values for all identified K,;-mesons*® and K,s-mesons are 
980+40m,., respectively.'** The lower limit derived 
kinematically here for this K-meson (K-12) seems much 
more consistent with the assumption of an electron 
secondary in agreement with the identification obtained 
from direct measurement. 

In the second event, K-21, the secondary disappears 
in flight after traversing 400u of emulsion. From the 
measured value of p8=20+5 Mev/c and g*=1.06+0.2 
we conclude that in terms of known light particles it is 
an electron. The disappearance in flight can be inter- 
preted as the annihilation in flight of a positron (a priori 
probability ~ 15°) and thus implies that the primary 
is positively charged. This event is not explicable as a 
K~ capture star with no visible prongs followed by the 
8* decay of the residual nucleus, since the observed 
electron energy is too high for any known nuclear s* 
decay of emulsion nuclei. 

In the third event, K-20, the potential observable 
range of the secondary in the stack was >10 cm; 
however due to the fact that it crossed very near to 
the central internal cut in the stack (the original 
4 in.X6 in. plates were cut into 4 3 in.X 2 in. sections 
after processing) it was not possible to trace it un- 
ambiguously and make measurements for more than 
3.7 cm. It was observed for this range in 4 emulsions 
with an average projected length per emulsion of 1 cm. 
The scattering and ionization measurements are given 
in Table III which is similar to Table II and the data 
is portrayed in Fig. 1 by the closed circles in exactly 
the same manner as that for K-12. It is again readily 
seen that the behavior of this secondary can be under- 
stood only if it is an electron. No primary mass meas- 
urements were possible for this event due to the steep- 
ness of the primary K-meson. 

* The notation used is a phenomenological one. In K,y3, K means 
a particle of intermediate mass, m,<Mx<M,, uw indicates that 
the secondary charged particle is a « meson, and the number 3 
means it is observed to have a continuous energy spectrum. The 
number 2 would indicate a discrete energy of emission (i.e., two- 
body decay). 

* Proceedings of the Padua Conference, Nuovo cimento Suppl. 
No. 2 (1954). 
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II. MASS VALUES OF K-MESONS 


[he data presently available'** on K-mesons decay- 


single 
existence of at least five different modes, namely the 
Ker, Kya, Kes, and K, 

is most understood as an alternate decay 

K yt 21-0 +e 


charged secondaries seem to require the 


rhe last-named decay, the 
easily 


the r meson while the 


probably the charged counterpart of the 


most 

6 - ‘ ‘ 
+2) meson® and is variously designated as @ 
or x.’ K,s is sometimes referred to as the x meson while 
the A and K, 
names. The K,o, Keo, K, 


emulsions and cloud 


have only their phenomenological 
,and A, 


hambers, while to 


have been observed 


both in our 


4 
knowledge at present, the K,; has only been positively 


mass of 


The the K, r) is 


juite precisely known from its decay characteristics 


identified in emulsions 


and is equal to that of the # within experimental error 


+ 10m,). However the analysis of the secondary x 


mesons from the r decay strongly suggests that the r 


Crussard, Kaplon, Klarmann, and Noon, Phys. Rev. 93, 253 
1954 
* The situation on the # meson is summarized by R. W. Thomp 
son both in the Proceedings of the Fourth Annual Rochester Con 
ference (University of Rochester, Rochester, New York, 1954), 
and in the Proceedings of the Fifth Annual Rochester ( 
University of Rochester, Rochester, New York, to be published 
The most striking single case of this decay 
y Hodson, Ballam, Arnold, Harris, Rau, Reynolds, and 
Phys. Rev. 96, 1089 (1954). Additional 
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and the @ are two distinct bosons.* The best mass 
values for the K,2 and K,2 are obtained from the 
multiplate cloud-chamber data,’ and the value for the 
K,2 obtained this way is equal to that of the ® within 
experimental error. It is not clear at the present whether 
the mass of the K,» is the same as that of the K,.; the 
present data indicates that M(K,2)—40<¢ M(K,2) 
< M(K,2). The only specific data on the masses of the 
K,; and K,; come from the observations in nuclear 
emulsion and are subject to some inherent uncertainties. 
The best statement one can make is that the masses of 
the K,, and K,; are consistent with their being equal 
and also that their masses are within experimental 
errors the same as the average mass of stopping K-par- 
ticles in emulsion‘ (this is consistent with that of the 
r meson). It is thus quite possible that all the K-mesons 
have the same mass or represent a spread of mass 
values from about 900-1000m,. 


III. CLASSIFICATION OF K-MESON DECAYS 


It is interesting to inquire about the relative abun- 
dances of these mesons, and we shall restrict ourselves 
mainly to the observations in nuclear emulsion. The 
experimental situation is such that some difficulties are 
in the positive identification of A-meson 
secondaries in emulsion because of the relatively small 


involved 


percentage of cases in which the a priori geometry is 
favorable for a good measurement. Even in practice, 
the acceptance of some minimum secondary track 
length could still lead to a bias, since an electron will in 
general be positively identified if it is observable for 
about (~3 due to the high 
probability for bremsstrahlung, while this length would 
not suffice a priori to distinguish positively between u 
and # mesons in individual cases for p8>180 Mev/c. 
This depends of course rather strongly on the ionization 
response of the particular emulsion used; for an emul- 


1 radiation length cm 


sion in which the relativistic rise to plateau is large this 
limit would increase, while for an emulsion with a rela- 
tively small rise to the plateau value of ionization this 
value might be lowered. Thus, even though we have at 
present a fairly good idea of the expected momentum 
and therefore velocity of the secondaries from the K,: 

rasie III. Ionization and scattering measurements on the 
secondary of K-20. The range given is from the decay point to 
point of that 


the median segment 


g* p68 (Mev 

210+40 
139421 
155424 
76415 


l +0.06 
0.99+0.06 
1.05+0.06 
1.01+0.06 


° Reported py R 
Rochester Conference 
York, to be published 

* The most recent observations on the K,. and Ky, 
summarized by B. Rossi and L. Leprince Ringuet in 
Fifth Annual Rochester Conference (1 
of Rochester, Rochester, New York, to be published 
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TaBLe IV. Characteristics of the secondaries of K-mesons decaying to give one charged secondary particle. The symbol ? denotes a 
neutral particle of zero rest mass. The mass of all K-mesons has been assumed equal to that of the r except for the Aye which has been 
calculated also from the latest value reported at the Fifth Annual Rochester Conference; the values listed for the 3-body decays are 
maxima. We have used m,= 105.8 Mev, my+ = 139.5 Mev, m,e= 134.2 Mev and m,.=0.511 Mev. 








Assumed 
Mass (Me 


Designation and 
decay scheme 


p (Mev/e 


PB (Mev/c) 


. 
s 


Bev 15% rise 8% rise 





208 
216 


941 228.7 
965 


Ke 


wort 


965 169 


965 
965 


965 216 


965 193 


965 33 : O4 


and K,» mesons, this knowledge is not sufficient in 
general for a sharp assignment of a given event because 
of the inherent errors involved in both the scattering 
and ionization measurements as well as a lack of a 
detailed knowledge of the ionization characteristics of 
the particular emulsion used. In Table IV, we list the 
known K mesons decaying to give one charged second- 
ary with the characteristics expected of the secondary. 
Column 1 gives the phenomenological designation of 
the particle, 2 the assumed value of its rest mass in 
electron masses, 3 and 4 the total energy and momentum 
of the secondary in Mev and Mev/c respectively, 5 and 
6 the value of p3 in Mev/c and 8 (=0/c) (for the 3-body 
decays, columns 3, 4, 5, and 6 obviously refer to the 
maximum values), and columns 7, 8, and 9 give the 
expected value of g* (=g/gpisteau) aS derived from some 
characteristic curves in the literature. Column 7 repre- 
sents g* for an emulsion having a 15% rise” to plateau 
from minimum, column 8 one having an 8% rise,” 
while column 9 represents an estimate of this parameter 
for an emulsion with little or no rise. It is thus easily 
seen that a precise knowledge of the ionization response 
of the emulsion is necessary for the measured value of g* 
to be very meaningful. 

We have surveyed the data on K-meson decays as 
reported in the Proceedings of the Padua Conference,‘ 
accepting all secondaries with a measured trajectory 
>2.5 mm. This class contained 46 K-meson decays, 
with the secondaries having a median observed trajec- 
tory of about 1 cm. This in general is not a sufficient 
distance to distinguish » mesons from electrons for 
values of p8>120 Mev/c, while we feel in favorable 
cases for 120<_p8<180 Mev/c, u’s can be distinguished 
from x’s. For values of p8 higher than this, in general, 
for the conditions of this class of observations, no safe 
resolution of yu’s, x’s, or electrons seems possible. We 


® B. Stiller and M. Shapiro, Phys. Rev. 92, 735 (1953). 
“ Obtained from the paper by Menon and O’Ceallaigh of 
reference 7. 


246.6 


228.3 


0.908 0.91-0.92 0,94-0.95 1.02-1.06 


0.913 


0.825 1.03 


1 


1 


0.916 


0.94-0.95 1.03-1,07 


0.898 


0.696 1.45 1.5 -1.7 


can summarize our convention as follows: 


p8<120, 
120< p8< 180, 
pB> 180, 


urnreKe, 
ue, 
= T= Ee, 


In Table V we present the results of this classification 
in four different ways. The grouping labelled A repre- 
sents the number of secondaries falling under the classifi- 
cation of x or uw or ¢, u or é, 7, w, using the convention 
given above and taking into account any particular 
circumstances listed for a given event. A further 
classification under B is given by assuming that there 
exist five types of decays among the class of K-mesons, 
namely : 

ur +, 

7a +r, 

t+ 2+ ?, 

sett 2+ ?, 


—>-nt-+-2x° (alternate decay mode of r), 


and assigning a given event to one of these classes if its 
experimental value of p§-:two standard deviations falls 
within that given for this type of particle in Table IV. 
(We refer here of course to the two-body decays.) In 
this way we arrive at the numbers in the second group- 
ing of Table V. (Here K; means K,; or K,s.) The next 
classification (C) gives the maximum number of a given 
type of decay occurring and the last classification (D) 
the most probable number of each type of decay 
occurring. We see that these results indicate that the 
Ky (Kys+Ks) and Ky: mesons account for most of the 
K-mesons observed, while the K,2 seems to be about 
half as abundant as either the K; or K,2 meson. We can 
conclude that the K,; meson could account for about 
} to § of all the K-mesons observed in nuclear emulsion.” 


Menon and O’Ceallaigh in their paper of reference 7 find in 
an analysis of 20 events at Bristol, that 6 could be classified as K3, 
5 as Kyo, and 2 as Ky», if one expresses their results in the notation 
of this paper 
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TaBie V. Results of classification of 46 K-meson decays reported in compilation of reference 4. The conventions adopted are given in 
I } 


the text. Group A represents the number of secondaries classifiec 


as to their nature without reference to any assumptions concerning 


decay schemes. Group B represen ts a classification into the 5 types of K-mesons listed in Table IV according to the convention given 


in the text. In Group C we give the maximum number of a given ty 
of each type 


Nature of secondary x Orpore 
No. of cases 22 


B Nature of prir 
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Nature of primary \ 2 
26/46 18/46 


Maximum frequency 
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in emulsion have 
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know n 
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lifetime for this 
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emulsion (mainly by area scan simil that for 
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10 cases , 80 


to decay both in flight (16 cases) and at rest* 


that it seems quite likely that the A-meson 
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lifetime must at least be 10~* se This is reinforced by 


the observations of the Padua group who estimate the 
as 5X10°" se 
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10°" se 
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Phys. Rev. 95, 159 (1954 


Proceedings of the Fifth Ar 
Rochester. Rochester 


“ York, Leighton, and Bjgrnerud 

“ Reported by Dallaporta in the 
ual Rochester Conference (University of 
New York, to be published 


and by 


pe of K-meson decaying and in Group D the most probable number 


K,2.or K3; Kygor K3 Kyo or Kyo or Kz 


3 3 10 


native decays of the same Fermi particle. 


ut2p 
] 


\ 


e+2p. 


Messiah" 
basis of a Fermi type interaction, the branching ratio 
R= P(K-—y)/ P(K- approximately the in- 
lity 0.6< R¢<1.5 which is not inconsistent with the 
A more meaningful test of the branching 
ratio is to compare it over the limited region of the 


has shown that for this assumption, on the 


satisfies 
ec jua 
observations. 


spectrum for which the distinction between ~ mesons 
and electrons is usually clear (p8<120). Six K, 
five K,s’s satisfying this criterion have been identified 
in emulsions, giving a restricted branching ratio of 6/5 
which is not in disagreement with the theoretical one. 
It is greapes also to calculate the lifetime for the K 
under the assumption of a universal Fermi interaction. 
It is easily shown that r(K—6e)/r(u—e)—~(m,/Mx)°® 
r(K r(K—e)/(1+R)~5X10-" sec, which seems to 
be a rather untenable result in light of our knowledge at 
One could of course obtain a longer lifetime if 


’s and 


present 


the restriction of a universal Fermi interaction were 
relaxed but this would make this hypothesis lose what- 
appeal it moreover a fermion K-particle 

introduce formulating a 


theory of K-meson production in nuclear collisions. 


ever has; 


would some difficulties in 


One is left then with the more appealing assumption 
This assumption is cer- 


and K, 


mesons. For the K,; it follows from the nature of the 


that all K-mesons are bosons 
iinly fairly well established for the K,3, K 2, 


presumably) commoner decay mode of the r* meson. 


of the Ky 


as a charge multiplet associated with the @,'* 


The boson nature is established by (1) its 


identity 


the observations of associated y rays accom- 


‘A M.L 
* Thompson, 
1576 (1954) give « 


Messiah, University of Rochester (unpublished 
Burweil, Huggett, and Karzmark, Phys. Rev. 95, 
direct evidence for the er of the @. 


boson charact 








panying this mode by the M.I.T. group.” The nature 
of the neutral particle accompanying the K,» decay is 
established as a neutrino by default® (there is no evi- 
dence for any associated y radiation accompanying its 
decay). If the K,3 and K,; are to be bosons they must 
decay as K;—>(y or e)+v+(y or x°).'® In this respect 
we may inquire as to whether a relatively massive 
particle, such as the x° meson, is compatible with our 
experimental knowledge. From Table IV we see that 
with our assumptions concerning the mass of the K,; 
meson the maximum allowable value of p@ for the u 
would be 193 Mev/c. The highest values of p8 reported 
in the literature* for K-meson secondaries are 290+60, 
315470, 240425 and 2354235435 Mev/c; the nature 
of these secondaries is not positively known. One may 
therefore take the point of view that they are electrons. 
This is reinforced by the observation that in three of 
the above cases the secondaries are shorter than 1 cm 
(measurable length), and thus if they were electrons 
they would not necessarily have been so identified; 
while the longer one is within errors consistent with 
being a u-secondary from a Ky». Additional evidence 
supporting this yiew arises from the observation that 
for those secondaries of length >3 cm for which more 
precise measurements are possible, no excessive values 
of p3 have been detected. The data is thus quite con- 
sistent with the assumption that the odd neutral par- 
ticle in the A,s decay is either a #°® meson or a y ray 
and it can thus be a boson. This would have the addi- 
tional favorable result that if the odd neutral particle 
were a x’ meson, the momentum of the w meson would 
be below that expected for the K,2 meson and the lack 
of specific evidence for this decay mode in multiplate 
cloud chambers possibly becomes somewhat more 
understandable. Namely, they could represent some 
particles with ranges intermediate between that of the 
K,, and K,» secondaries, while for ranges less than that 
of the Ky, they may easily exist among the class of 
S-particle secondaries of this criterion and their seeming 
lack could be due to a bias against lower-range second- 
aries. This point of view [that (p3),2> (p8),s] would 
also allow some reclassification of the high-momentum 


17 H. S. Bridge et al. (private communication) and the report of 
B. Rossi in reference 9, Kim, Burwell, Huggett and Thompson, 
Phys. Rev. 96, 229 (1954) 

16 The fact that we allow either a x°® or a y-ray as the second 
neutral particle is purely an experimental classification. There of 
course always exists the possibility of radiative decay of the Ky: 
and the K, (see reference 19). The radiative decays would appear 
experimentally as K,3 or K,3, but in either case the charged par- 
ticle would with high probability still have a high energy; the 
fraction of radiative decays of this type would however not 
account for the observed number of K,y3 and K,3 so that these 
decays represent distinct processes. If a y-ray were to be the odd 
particle in the Ky decays, it would probably require a distinct 
coupling. This perhaps argues strongly in favor of the x being the 
odd neutral particle in the K3 decays. 
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secondaries, so that in D of Table V the effect is to 
increase the number of K,» at the expense of the Ky 
classification. 

The situation with respect to the K,; decay mode is 
not quite as clear. With the point of view adopted above, 
the secondaries with high values of p8 must now be 
assumed to be electrons. The weighted mean of the 
four high p8 values given above is 248+ 20m,, while for 
event K-12 of this paper we have for an identified 
electron 2612:34m,. For the decay K,;—e+v+ 7° the 
minimum mass calculated from the latter value is 
M (K,s)>1085+125m,, while for the former values it is 
slightly lower. Thus the decay to a x meson is barely 
consistent with the assumption that the mass of K,, is 
965m,,'* while it would be quite consistent with a mass 
as high as 1000m,; in any case the odd neutral particle 
can be a ¥ ray. 

We may summarize our conclusions as follows: The 
available experimental data are consistent with the 
assumption that the five observed decay modes of the 
K+-mesons arise from particles (at least two of them, 
the 7 and 6) of a mass of about 965m, or from a group 
of particles in the mass range 900-1000m,. All these 
particles could be bosons and the neutral particles 
emitted are consistent with decay schemes charac- 
terized by: 

K tnt +1", 
K,;t-at+att+er 
Kt= ) Kyst—pt+ v, 
| K,3t—pt+v+9° (or ¥), 
Kt e*+ +72" (ory). 


or xt -+27°+r", 


The data tend to favor a y ray as the odd neutral par- 
ticle for the K,; decay.'*'® The lifetime for this group of 
K-mesons most probably lies in the interval 10~*-10~* 
sec. The relative abundances are somewhat uncertain 
though one can say that the modes Ky (K,;+K,,s), 
K,», and Ky,» are of the same order of magnitude. The 
problem whether the last three modes of decay, the 
Kyo, K,s, and K,, are just different modes of decay of 
one or two of the already known K-particles, the r and 
the 6, or whether they constitute one or more new types 
of K-particles cannot yet be answered. 
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One may also take the point of view that there exists a 
K-meson, K-+e+-v. In this case the high-momentum secondaries 
could be quite easily associated with this type of decay and the 
observed high values of p8 would be quite easily consistent with 
a mass of 965m,. 
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Single pseudoscalar meson production is assumed to be described by a transition matrix element taken 


cen initial and final two-nucleon wave functions defined as solutions to Schrédinger’s equation with a 


phenomenological potential included. The effective interaction is a linear combination of the two possible 


nonrelativistic invariants. The angular d 
reaction p 


can be explained 


listribution and energy dependence is considered in detail for the 
+p —» x*-+d. Using the Jastrow potential to define the proton wave functions, the large anisotropy 
1 by including the D state of the deuteron. Results become less satisfactory at increasing 


energies. The predicted energy dependence of the total cross section for proton beam energies from 311 Mev 


to 515 Mev agrees wel 
momentum contributes to the agreement 


An order of magnitude estimate of the alternate reaction, { 


ll with experiment. The strong dependence of the cross section on the incident proton 


+n+p, predicts, at 340 Mev 


p+p—+x* 


rthtly greater than one 


laboratory system), a branching ratio slightly gr 
Finally, the al pti 


San estimate « 


mesons cdeute 


rate ol x 


mposed 


. INTRODUCTION 


HIS paper is an attempt to understand single 

meson production or absorption due to nucleon 
nucleon collisions near threshold in terms of a simple, 
nonrelativistic model. Since, by far, most of the experi- 


mental information available is on the process 
pt+ps x*+d, (1.1 


al 
aiso 


We 


estimate the er of magnitude of the alternate rea 


we consider reaction in most detail 


tion 


n-+ p, 


As a final check on the 
we calculate the absorp- 


pre-e" 
that is predicted by the model. 
consistency of our assumptions 
tion rate of negative pions by a deuteron from a K-shell 
Bohr orbit, 
(1.3 


r+d—-n+n 


t 


rhe latter reaction is of particular significance since it 


involves the interaction with the meson in a pure S$ 
state 

A summary of all the available data on pion pro- 
duction by nucleons is given in a recent paper by 
particular, the important features of 


are a rapid increase of the total cross 


Rosenfeld.' In 
reaction (1.1 


section with (roughly, o(x*,d) increases a 


little less rapidly than 7’, the cube of the meson mo 


energy 


mentum) and a strong anisotropy in the angular dis- 
tribution of the mesons in the center-of-mass system 


More precisely, we can write 


(1.4 


da dQ, : A { 1 + E cos’#), 
* Part of a doctoral thesis submitted | 
Physics Department at the 
nology, 1954 
+ Present address is Oak Ridge 
Ridge, Tennessee 


‘A. H. Rosenfeld, Phys. Rev. 96, 130, 139 


Massachusetts Institut 
National Laboratory) 


(1954 


ms from a K-shell orbit, i.e., x~ +d 


ror 


» 2n, is calculated 


f the strength of the S meson wave part of the interaction and is consistent with 


by the results obtained for the reaction p+) — r*+ d 


with 3<£<6 for energies ranging from 324 Mev to 
515 Mev (in the laboratory system). @ is the angle 
between the outgoing meson and the proton beam, in 
the center-of-mass frame. Unfortunately, the experi- 
mental errors in measuring £ are rather large, usually 
varying from 25 to 100%. The total cross section is 
known to better accuracy (see Fig. 1). There is rela- 
tively little data available on reaction (1.2). The angular 
distribution is probably roughly the same as for reaction 
(1.1) while the total cross section, o(4*,n,p), increases 
more rapidly than o(x*,d). Two measurements of the 
branching ratio at 340 Mev give! 


a(xtn,p)/o(e*,d)=0.82+0.25; 0.544+0.18. (1.5) 


Since the latter measurement gave absolute cross 
sections that are inconsistent with other measurements 
in that energy region, we would expect the higher value 
to be more probable. 

The model, first suggested by Chew, Goldberger et al.,’ 
consists of writing the transition matrix element for the 
process in the form 


Mm=W,| T\¥,), 


where yy,, and y; are nonrelativistic 
describing the two-nucleon states before and after the 
(or absorption) of a meson, They are 


(1.6 


wave functions 


production 
defined as solutions to Schrédinger’s equation with 
phenomenological potentials included, chosen to give 
the correct properties of the deuteron and two nucleon 
scattering at the energies involved. T is chosen to be 
the simplest possible interaction operator that is a 
nonrelativistic invariant function of the nucleon 
operators, @’, ¥,, and *°, where oe” represents the 
three nonrelativistic Pauli spin matrices operating on 
the ith nucleon and +” the corresponding isotopic spin 


matrices. J is assumed to be a linear function in the 


? Chew, Goldberger, Steinberger, and Yang, Phys. Rev. $4, 581 
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meson wave function, @, which is chosen to be a pseudo- 
scalar. Assuming charge independence, 


=a 5 o- oe »-4(0)] 


i=1 


+a ‘ 40m -¥ (1.7) 


$() shall usually be chosen to be a plane wave evalu- 
ated at the coordinate of the ith nucleon. a and 8 are 
parameters to be chosen by experiment and may be 
energy-dependent. Whatever factors are necessary to 
give a normalization of one meson per unit volume are 
assumed to be included in the a and 8. We do not restrict 
ourselves to the usual field-theoretic normalization 
factor of 1/./E,, where E, is the meson total energy. 
It is hoped that the nonlocal features of the process 
might be absorbed in the energy dependence of a and 8. 
It is found that the best fit of the energy dependence of 
reaction (1.1) is obtained with @ and 8 energy-inde- 
pendent. 

The requirement that the 7 be Hermitian leads to 
the conditions, 


a=a+4ib, B=ib; a,b real. (1.8) 


Since the transition probability per unit time is given by 
w= (2e/h) f ¥ |Mt}2p(E,)3(E,— Ep dE;, (1.9) 


where >>| SN? represents the appropriate sum and 
average over nucleon spin states, we can define the 
dimensionless quantities g,? and g,”; 


go2=(a/hc)*(uc/h)®; e?=(b/hcP(uc/h)*®. (1.10) 


Finally, it should be noted that the term in T propor- 
tional to a leads to P-wave meson emission, while the 
8 term leads to predominantly S-wave emission. Since 
the experimental results indicate that P-wave emission 
is strongly favored, we shall require the condition on 
a and 8, 


la! >!B}. (1.11) 


2. CALCULATION OF p+p— x*+d 


We evaluate >|)? in the center-of-mass frame 
where the total momentum of the system is zero. Using 
the coordinates, r=rj—re, R=4(r,+4r,), our final 
nucleon state, a deuteron, is represented by the wave 
function, 


vy," =¢ik R (dary) iy Tu(r)+8 41S, 2w(r) ly "Ao. (2.1) 


Ao is the antisymmetric, isotopic spin zero eigenstate 
for the two nucleons. We must choose the antisym- 
metric state so that yy will be totally antisymmetric in 
space, spin, and isotopic spin variables. Sy, is the usual 
tensor operator, so that Sj." represents the *D, 
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Fic. 1. Comparison of theoretical curves with experimental 


values of the total cross section for the reaction p+) -> r*+d 
The solid curve assumes only P meson wave emission in the model 
used. The dotted curve assumes enough S meson wave emission 
to raise curve at lower energies to improve agreement. 


angular momentum state. rp is given by 
rp=h(MB)-+=4.3110-" cm, 


where M is the nucleon mass and B is the binding 
energy of the deuteron. The normalization of one 
deuteron per unit volume leads to the condition 


few +w*(r) \dr=rp; 


and, since rp is a rough measure of the size of the 
deuteron, u and w are of the order of magnitude of one. 

By writing ¢(i) as e~****, using (2.1) for y¥,, and 
denoting the initial proton state, without isotopic spin 
included, by W,, 9% becomes, after isotopic spin and 
center-of-mass coordinate integrations, 


M= (4erp)-Ur'L u(r) +8-4S sw (r) yi" | ta 
X cos(q-r/2)(@,—@2)-q+-a sin(q-1r/2)(e;+¢:2) 
-q—8 cos(q:t/2)(o,4+-2)-¥+i8 sin(q:r/2) 
X (o:— 02): 0 |y,)(2e)'5(k+q). (2.2) 
Since the final nucleon state is a deuteron with fixed 
parity and angular momentum, the selection rules are 
particularly simple if we restrict the meson to only S 
and P wave emission. In (2.2) this is equivalent to 
expanding sin(q-r/2), cos(q-r/2) in spherical har- 
monics and neglecting terms in ¢ and higher. It turns 
out that, in this model, the effective parameter in the 
expansion in powers of gq is g/ko~4, ko the incident 
proton wave number. Hence, neglecting terms in (¢/ko)* 
and higher amount to errors of not more than a few 
percent. There errors will be of the same order as those 
arising from relativistic effects. With this restriction, 





the only transition that can contribute to the triplet 


matrix element, 9M,, (when the initial protons are in 


the triplet state) is from the *P, proton state with 
S-wave meson emission. In (2.2), this arises from the 
term in 7, 

8 cos(q-r/2 


(eo, 
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For the sake of conciseness, we have left out of (2.4) 
terms arising from |30,|? containing 8 (and the in- 
tegrals S., Dy), and terms arising from 
a. With |8|<‘a!, these terms are less important but 
would greatly « The effect of these 
terms has been investigated and wil! be discussed later. 
As discussed earlier, we have consistently dropped terms 
We have made fairly 


M,|? containing 


omplicate (2.4 


involving higher powers of g 
crude approximations in terms involving 8. Integrals 
of the form 


in the sins ‘rms have been dropped. 


it twenty-five ercent ot! integrals like S 


that appear 
These are abo 
Terms in the triplet transiti involving the deuteron 
D state have also been dropped These approximations 

the condition (1.11) on 8 makes the 
over-all error in (2.4) much \ more careful 
onsistent with the crudeness 


are justified since 
smaller 
calculation would not be 
of the model and the large uncertainties in the experi- 
mental! data 

With these approximations, it is clear 
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is small 
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approximation 
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We come now to the evaluation of the radial integrals. 
The proton wave functions are defined by using the 
Jastrow singlet and triplet potentials‘ in Schrédinger’s 
equation. 

Singlet well: 
ro=0.60X 10-" cm, 
r>ro, 7.=0.40X10-" cm, 


Vo=375 Mev. (2.6a) 


[=z O, £<fe, 


"= — Vo exp(r—r0/r,), 


Triplet well; 
=—V,.S1exp(—r/r,), 74=0.75X10-" cm, 


”",=50.8 Mev. (2.6b) 


While this well is not completely satisfactory, it gives 
the best available fit of high energy proton-proton 
scattering data.’ While the poor agreement with 
polarization experiments® casts considerable doubt on 
the validity of the triplet well, the general features of 
the singlet well, i.e., the hard core and deep, long-tailed 
well, are of particular interest. The use of (2.6) is 
further justified by the fact that the transition from the 
proton singlet state gives the major contribution to the 
process. 

Solutions for the wave functions mu, wu. and their 
phase shifts were found numerically at laboratory 
energies of 340, 372, and 437 Mev. This corresponds to 
energies, in the center-of-mass frame, of 163, 182, and 
207 Mev, with corresponding meson energies of 22, 40, 
and 62 Mev. Numerical tables of the deuteron wave 
functions were obtained from the work of Feshbach, 
Schwinger, Harr,® and Pease.” They use a combination 
of tensor and central Yukawa wells, 


V(r) = — Vo{(1—3g+-4¢ (01-2) Jer" +-ySe7'"}, 
Vo=46.96 Mev, g=0.005, y=0.5085, 
r-=1.18XK10-"% cm, r,=1.70K10~-" cm. 


(2.7) 


The five parameters were obtained from comparison 
with experimental values for the binding energy of the 
deuteron, its quadrupole moment, and the triplet and 
singlet neutron-proton scattering lengths and effective 
ranges. Charge independence of nuclear forces is 
assumed to obtain the central force range r, from proton- 
proton low-energy scattering data. The tensor range, 
r,, is fixed by the work of Pease and Feshbach’ on the 
binding energy of triton. The percentage of D state 
obtained is 3.1 percent. Equation (2.7) fails to predict 
high-energy scattering data. The apparent incon- 
sistency in the well shapes (2.7) and (2.6) is not very 
serious, especially since the shapes and relative ampli- 
tudes of u(r) and w(r) are largely independent of the 
potential wells assumed, provided they yield the correct 
properties of the deuteron. 


*R. Jastrow, Phys. Rev. 81, 165 (1951). 

* L. J. B. Goldfarb and D. Feldman, Phys. Rev. 88, 1099 (1952). 
* Feshbach, Schwinger, and Harr, Harvard University Report 
HUX-5. Computation Laboratory, Harvard, 1949 (unpublished). 
7 R. L. Pease and H. Feshbach, Phys. Rev. 78, 135 11980). 
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5p, PROTON WAVE FUNCTION u,(r) AT 240 Mev (LAB) 


Fic. 2. Comparison of exact *P; proton wave function at 240 
Mev, obtained using the Jastrow potential, with a “modified” 
Born approximation wave function. 


Since less accuracy is required in evaluating the 
triplet terms, we represented the *P, wave function, #;, 
analytically. The triplet well given by (2.6b) is rela- 
tively weak so that a Born approximation would seem 
valid. We calculated the *P, phase shift exactly at 240 
Mev to check the work of Goldfarb and Feldman® who 
calculate the phase shift, using (2.6b) and Born approxi- 
mation wave functions. Agreement was to a few percent. 
In order to get a better approximation for #; in the 
region of interaction, we modified the Born approxi- 


mation slightly, using 
u=kor ji (kort 6;). (2.8) 


Figure 2 compares (2.8) with the exact solution at 240 

Mev. For a given energy we obtain 6, from the Born 

approximation. Finally, in order to evaluate P; analyti- 

cally, we approximate the deuteron wave function by 
u(r) =1.98(4erp) Ler —e™), 


* _ (2.9) 
p=0.237XK10"%cm™, A=1.09K 10" cm. 
Equation (2.9) is an exact solution to Schrédinger’s 

equation using the Hulthén potential* 


Vo=46.6 Mev, 


—Voexp(—r/a) 


U(r) = (2.10) 


1—exp(—r/a) ; a=1.17X10~" cm. 

For small r, (2.10) is almost identical to (2.7), and a 
comparison of (2.9) with u(r) obtained from (2.7) 
shows that the wave functions are identical to within a 
few percent. 

In evaluating the integrals given by (2.5), we keep 
in mind their relative importance. S» and D, are evalu- 
ated exactly at the three energies mentioned earlier. 
This gives us a clear picture of the energy dependence 
of o(x*,d) for B=0. We investigate the effect of the 8 
terms on the angular distribution at 340 Mev only, and 


* Gunn, Powers, and Touschek, Phil. Mag. 42, 523 (1951). 
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for that purpose we evaluate S, graphically and estimate » obtain 6(E,) as a function of energy by fitting the 


Dg rather roughly. The latter is justified since Dp is very alues of 6 obtained from Table II with a smooth curve. 


small. Finally, P; can be obtained to reasonable accu- ith this substitution, o(#*,d) becomes, with B=0, 
racy at 340 Mev and, because it is evaluat 


| 


ally we can express P, rather simply 


fiunct ] 1+6 E,) 
ifacy is a tunction oO! energy, . ° 


2+E 2Mc 


- 
4.1/6 


x (2.14) 
ua 


is Lhe meson mass and 


2.14) with experiment, we assume 
able I summarizes the resu , f ; 2 
dependences for g,’, 1.e., we assume g,’, 
onstant. The value of g,? is fixed in 
liring o(#*,d)=0.269 mb at 338 Mev. 
igreement with experiment over a wide 


‘nergies is possible only for g,” constant, 


2.04. (2.15) 


2.14) is given in Fig. 1. The low 
a(x*,d) near threshold are to be 
the S-wave meson emission has been 
\n important factor in the comparatively 
the higher energies is the strong xo de- 
proton momentum. While xo does not 
s energy range, xo ° does. It is 
ise of the Born approximation for 
tions would have resulted in a xo 
’, which would predict values 
it are too low at the higher energies. As 
ingular distribution, (2.14) becomes 
at increasing energies. 

he existence of an S state interaction, as proven 
requires that 80, let us consider 
he 8 terms on our results. The 
angular distribution was investigated 
Using the values of the radial integrals 

2.4) becomes, at 340 Mev, 


ko)*| 0.1184a?—0.52a5+-0.20F 


+().52ab+0.308")3 cos’# ]+0.2568"}. 


(2.16) 


proportional to & in (2.16), comes from 
mission in the transition from the proton 
and consequently lacks the factor of 
g/ ko)? ~1/25, the last term in (2.16 
ily dominate unless b<e. This term is 
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isotropic and would lead to too small values for &. It 
is found that for values of b/a such that —0.10S$/a 
30.20, — ranges from 6.5 to 2.1. The slight increase in 
€ for very small values of b/a is not enough to account 
for the large discrepancy with the experimental value 
of € at 437 Mev. If we require £>3 at 340 Mev, then 
we must restrict }/a to the range, 


—0.05 <b/a<0.20. (2.17) 


We shall see now that a consideration of the energy 
dependence of o(x+,d) for 80 will lead to a more 
stringent condition on 6/a than (2.17). After integrating 
the differential cross section over angles, the cross 
terms in a6 cancel out so that o(x*,d) depends only on 
a’ and B*. Since the major contribution to the term pro- 
portional to &* comes from the triplet term (P;)? (about 
80%), we can approximate o(x*,d) fairly accurately by 
the expression 
o(x*,d)=73.3g.7[ E/(2+E) ](Eo/2Me)xc*y 

XC (n/xo)*L1+6(2,) ]4+82.3(b/a) 

X [xo®+- 2.36}? ] (ht/yc)*. 
We have used (2.11) for P;. Again, we fix g, for a given 
value of b/a by requiring o(x*,d)=0.269 mb at 338 
Mev. The term in }/a will lower the curve at increasing 
energies and raise the curve at the low energies. Thus 
we can obtain an upper limit on b/a if we compare 
(2.18) with experiment. Very roughly, 


|b/a| <0.13. 


(2.18) 


(2.19) 


Smaller values of 5/a can result in a better fit with 
experiment at the lower energies. Figure 1 shows (2.18) 
plotted as a function of energy for }/a=0.054, chosen 
so that o(x*,d) falls exactly on the center of the lowest 
energy measurement at 311 Mev. 

Before going on to discuss the case when the final 
nucleons are unbound, let us say a word or two about 
the importance of the potential well in obtaining these 
results. As has been mentioned earlier, (2.19) makes the 
transition from the proton singlet state the only im- 
portant one, and, consequently, the model is sensitive 
only to the singlet well, at least for the case of the 
Jastrow well. The singlet S and D phase shifts and the 
important radial integrals, Sp and D2, were evaluated 
for various square wells with or without repulsive cores. 
For no well chosen was there any chance of obtaining a 
reasonably acceptable angular distribution at 340 Mev, 
nor did it seem possible for any other square well to 
give agreement. By examining the various effects of 
different square wells and the core, we concluded that 
only a singlet well of the general features of the Jastrow 
well, i.e., hard, repulsive core, and outside a deep, 
narrow well with a long tail, could give the proper 
angular distribution over any reasonable range of 
energies, i.e., 100 Mev. The hard core seemed to be 
essential. Also, the proton singlet well leads to a weaker 
dependence of the total cross section on the incident 
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Taste IT. Values of A, B, and §=3B/A as a function of energy. 








Proton energy 
Mev 


c.m. A+B 
frame A t=3B/A w (Se)? + (Ds)* 


‘163 5.44 0.332 
182 3.37 0.327 
207 241 0.323 


lab. 
frame 


340 
372 
437 





0.118 
0.154 
0.180 


proton momentum, i.e., &g~* rather than something like 
ko as predicted by the Born approximation. 


3. p+p— z*+n+p 


We estimate the order of magnitude of the total cross 
section, o(x*+,np), at a lab energy of 340 Mev. Since 
the final neutron-proton state is now unbound, a few 
modifications are necessary. The matrix element for the 
transition should be written'® 


M= WO | Thy), 


where ¥,;“~? denotes the time reversed final state, i.e., 
the scattered state with ingoing waves. We make use of 
the relation 


(3.1) 


Vay * (7,0) =Ynp (r, r—8). (3.2) 
Including isotopic spin eigenfunctions in Wap‘ 
sitates splitting up ¥,, according to even and odd 
angular momenta since ¥,, must be completely anti- 
symmetric. For example, for the triplet spin state, x", 
we must write ¥,, as 


’ neces- 


Vnp=Wel¥)xi™Aot+Wo(h) xi "Ay", (3.3) 
with ¥,(—r)=y.(r), Yo(—r) = —y¥.(r); Ao, and A,° are 
the antisymmetric and symmetric neutron-proton 
isotopic spin states. For simplicity, we have neglected 
tensor mixing of states and approximate SM by including 
only S to S state transitions. Since the singlet to singlet 
transition is forbidden, this leaves only one transition, 
The final state is now a three-body state so that a con- 
tinuum of values of meson momentum, », is possible. 
Consequently, we find for the total cross section per 
unit meson momentum, 


da 8/M\? 7» E; h\? 
i ( ) fa" ( ) |B ( ) . (3.4) 
dn mw\u xx? \2MC2 yc 


Here «x is the relative momenta of the final neutron or 
proton. Boo is given by 


« 


B= f Wo(x)o(x) jo(mx/2no)dx, 


0 


with t# the singlet S proton radial wave function and 
wo(x) the triplet S neutron proton radial wave function. 
We have assumed 8=0. Boo is approximated by using 


” B. A. Lippman and J. Schwinger, Phys. Rev. 79, 469 (1950). 
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the low-energy approximation for wo, relating wy to 
the scattering length and effective range. 
wo= sin(kr+6)—sinde~”’ 3.5 


This is reasonable since the maximum relative energy 
is only 20 Mev and, more significantly, the strong 7 
dependence favors transitions to final states with low 
neutron-proton relative 


energy. We apply a similar 


approximation to the incident proton state, writing u 
in the same form as (3.5). We choose 8 by requiring uo 
to give as close a solution to Schrédinger’s equation as 
possible. This is done by substituting up in the form 
of (3.5) in Schrédinger’s equation, leaving us with 
A= — U(r —15) uo— (ke +B 07) sin (59+ Ror)" =0. 
In general, A is not zero, so that we find the “best” 
value of 8» by requiring 


f Ai*dr 


be a minimum. fo is the Jastrow core radius. This 


approximation, when compared with the exact nu- 


merical! solution, is not too good and leads to a value 


of Boo which is about 20° ; too high. 
In evaluating B 
as the integral now stands, 


, It is necessary to redefine it, since, 
the integrand is not defined 


as x approaches infinity. This is remedied by writing 


where 


and similarly for tw. Boo is now defined by setting the 


nonconvergent part 


fi © )uol ©) jodx=O0 
d 


fay 
follows since x 


This 


functions w 


oscillating 
This 
iuclear interaction is necessary in order 


and u(*) are 


ith radically different wavelengths 


shows how the! 


to obtain zero result for the transition. Further- 


a nor 


more, negiect *. negiecting the inter 


action in the initial state, would reduce do/dn by a 
factor of two 
ies of n, at 340 Mev, 


Evaluating Boo for various va 


we obtain the result 


a(x* mp >0.25 mb 36 


indicate 
make the D state 
is more reasonable to 


The results obtained for deuteron formation 
that including tensor forces will 
transition appreciable. Hence, it 
expect ¢ to be roughly equal to 


a(x =0.4 mb (3.6') 


"np 


Compared with o(x*,d) ~0.3 mb at this energy, we see 
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that the theory predicts roughly the same order of 
magnitude for the two processes. 


4. K-SHELL CAPTURE OF x BY THE DEUTERON 
The existence of the reaction," 


x +d—n-+n, (1.3) 


with absorption of the meson from the K-shell orbit 
about the deuteron, proves that meson absorption or 
production processes also takes place when the meson 
is in an § state. In terms of our model, 8 €0. It is found, 
however, that the alternate reaction, 


x +d— 2n+y7, (4.1) 


competes with (1.3). The ratio of the two reaction rates 
has been measured by Panofsky, Aamodt, and Hadley,” 
and by Steinberger and Chinowsky"; they obtain the 
values 


R(2n)/R(2n,y)=2.3740.4, 1.540.8, (4.2) 


respectively. Since one would expect the reaction with 
the emission of a gamma ray to be much less probable 
than (1.3) because of the weakness of the electro- 
magnetic interaction, (4.2) shows that absorption of a 
meson from an § state must be partially forbidden, or 
in terms of our model, |8|/a|}. We shall show now 
that the value of 8 required to satisfy (4.2) is consistent 
with the restrictions on 8 deduced earlier. Our procedure 
will be to calculate R(2n) with our model and estimate 
the value of R(2n,y) from the arguments of Brueckner, 
Serber and Watson.” 

Reaction (1.3) is very similar to (1.1), and we assume 
charge symmetry so that the potential well defining 
the neutron *P, state will be (2.3b). The only real 
modification of the earlier calculation is to replace the 
plane wave for the meson function by the K-orbit wave 
function 
o(r) = (49) §2aghe-7/, 

2.05X10-" cm, A=2Mu(2M+yz)". 
(4.3) 


a h? ( Ae 


Since the variation of ¢(r) over the size of the deuteron 
is negligible, we can replace ¢(i) in the interaction by 
(0). Using the approximation (2.8) for u;(kor), the 
Hulthén wave function, (2.9), for the deuteron S state, 
and including the deuteron D state by assuming 

r tu(r), we obtain for the transition rate of (1.3), 
Ri2n (0,946 


(0.946 


(Mw) gl | (0) |?(%/uc)* xo (c/rp) 
M Me [2M (2M+ ,) P(x)" 
Kab gerne (c (4.4) 


Tp), 


where xo and rp were defined earlier, c is the velocity 
of light, and a here is the fine structure constant coming 
« Panofsky, Aamodt, and Hadley, Phys. Rev. 81, 565 (1951). 
 W. Chinowsky and J. Steinberger, Phys. Rev. 95, 1561 (1954). 
“8 Brueckner, Serber, and Watson, Phys. Rev. $1, 575 (1951). 
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from the factor |¢(0)|*. From the work of Brueckner, 
Serber, and Watson, we have 


R(2n,y) = (4/3) f’(1—n/M) | (0) |*co(y+n—- 2 +p)/n, 


with /’ a factor introduced to allow for modifications 
introduced by the interaction of the two neutrons in 
the final state. We shall take f’=1, and using the latest 
measurements,! 


o(y+n— 2+ p)= (0.196+0.03)» mb, 


we have 


R(2n,y) = 2.5 10" sect. (4.5) 


Using the larger of the values given by (4.2), we have, 
from (4.4) and (4.5), 


g°=0.0329; |b/a|=|gs/ga|=0.128. (4.6) 


Using the lower value of R(2n)/R(2n,y) will reduce 
|b/a| to 0.10. While we might have hoped for a lower 
value of |b/a|, 0.128 falls within the limits deduced 
earlier. Considering the uncertainties in the values of 
R(2n)/R(2n,y) and R(2n,y), we cannot take the value 
of g,* too seriously. 


V. CONCLUSIONS AND SUMMARY 


The simple, nonrelativistic model of meson produc- 
tion used here is consistent with present experiments. In 
particular, the large anisotropy and energy dependence 
of the reaction, p+ ~ — x*+d, could be described over 
a reasonably wide energy range. The fact that this 
agreement is obtained with energy-independent param- 
eters is certainly surprising. The model becomes less 
satisfactory at increasing energies, especially in the case 
of the angular distribution. It is possible, however, that 
a better choice of potential might improve the results. 
The total cross section for the alternate reaction, 
p+p— xt-+n+> , roughly calculated, is found to be 
of the same order of magnitude as the cross section with 
deuteron formation. Finally, the calculation of r-+d— 
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2n, where the x~ is in a K orbit about the deuteron, 
predicts an S-wave interaction sufficiently weak to be 
consistent with results of the calculation of p+p— 
at+d. 

While it is difficult to draw any definite conclu- 
sions from the success of this model about the prop- 
erties of a fundamental theory of meson production, 
the model does contain a number of interesting 
points which might be kept in mind when dis- 
cussing meson production from a phenomenological 
point of view. The interaction between the nucleons in 
both the initial and final states is of major importance 
for the success of the model. In particular, the general 
features of the Jastrow singlet well, i.e., hard core, 
narrow deep well with a long tail, are necessary for 
agreement with experiment. The effect of the D state 
in the deuteron (or of the unbound n-p system) is not 
necessarily small since the D to D transition can be the 
same order of magnitude as the corresponding S to S 
transition. A discussion of the energy dependence of 
these reactions in terms of meson momentum alone can 
be misleading since a strong dependence of the cross 
section on the incident proton momentum is possible. 
It is not necessary to assume a 7 =}, J=} meson- 
nucleon resonance in order to account for the anisotropy 
in the production of mesons. Finally, the model shows 
that the nuclear wave function can be important over 
the entire region of interaction rather than just at 
close distances. 
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ing equipment which are capable of dealing in one ex- 
perimental run with bursts differing in size by more than 
three decades. 

A primary reason for embarking upon this work was 
to repeat, and if possible confirm, with completely new 
and different apparatus, the measurements previously 
made by Carmichael in 193678 and by Carmichael and 
Chou in 1939.% These earlier measurements were dis- 
cussed in detail in 1948” with particular reference to the 
apparently composite nature of the size-frequency dis- 
tribution curve of bursts in unshielded ion-chambers. 
Plotted in the conventional double logarithmic manner, 
this curve seemed to pass remarkably suddenly from a 
steep branch of bursts presumably chiefly of one kind 
to a much less steep branch of bursts presumably of 
another kind. These branches had been interpreted by 
Euler! as due respectively to single protons from the 
local stars and to extensive air showers. The assumption 
of single long-range alpha particles from stars as well as 
single protons for the analysis made in 1948” was criti- 
cized by Fujimoto and Yamaguchi®; and the experi- 
ments of Bridge, Hazen, Rossi, and Williams'® showed 
that there was a significant contribution to the bursts 
from the individual stars occurring within the ion- 
chamber. In the present work, the sharpness of the kink 
between the two branches has been confirmed and a 
satisfactory interpretation is given involving star proc- 
esses rather than single high-energy alpha particles. In 
addition a component of smaller bursts evidently caused 
by single long-range protons has been found and the 
smallest bursts can be reliably attributed to the known 
numbers of single mesons and single electrons that 
intersect the ion-chamber. 
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2. ION-CHAMBER DETAILS 


Spherical ion-chambers were used in order that the 
measurements might be as basic as possible and hence 
of permanent value. Several ion-chambers of diameters 
30 inches, 8 inches, and 2 inches were constructed. All 
had walls of y-inch thick steel. The collecting electrode 
was a hollow thin-walled ball, whose diameter in each 
case was one-fifth that of the ion-chamber, supported 
on a cylindrical stalk about one-sixtieth of the diameter 
of the ion-chamber as shown in Fig. 1. Only work with 
the 8-inch ion-chambers will be dealt with in this paper. 

The ion-chambers were free of organic insulating 
material and were baked at 150°C under vacuum. The 
filling gas was the best quality (about 99.8%, pure) 
welding argon, the only appreciable impurity being 
nitrogen, and the pressure in the 8-inch ion-chambers 
was 50 atmospheres absolute [1 atmos= 14.7 Ib in.~* at 
0°C ]. The effect of further purification with hot cal- 
cium was tried with a 30-inch ion-chamber at 10 
atmospheres but was found to have little effect. The 
results obtained with several different samples of the 
welding argon in the 8-inch ion-chamber were in- 
distinguishable. 

The measured pulses arose from electron collection 
in the ion-chamber and so they did not in general 
correspond fully in size to the number of ion-pairs 
produced. For example, a burst of uniform volume 
ionization in the ion-chamber would give a voltage 
pulse which was 0.90 of the size which would be ob- 
tained if the effect of the positive ions also was included. 
The diameter of our collector was chosen to make this 
factor numerically the same as that calculated by 
Bridge, Hazen, Rossi, and Williams” for uniform ioniza- 
tion in their standard cylindrical ion-chamber. When 
two ion-chambers correspond in this respect, a spherical 
ion-chamber has an advantage over a cylindrical one 
in that the collecting field in the sphere varies between 
the two electrodes only in the ratio 1:25 whereas in the 
cylinder it changes in the ratio 1:120. The size of the 
electron pulse for a single uniformly ionizing particle 
traversing the spherical ion-chamber, as a function of 
the distance r of the track from the center of the sphere, 
including the effect of track length as determined by the 
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outer wall and the collector, is shown in Fig. 2(a). This 
figure may be compared with Fig. 6 of reference 19. In 
Fig. 2(b) the pulse size has been plotted against the ring 
area (r*) at radius 7 as this gives a more realistic picture 
for a sphere. 

The experimental results cannot be corrected in detail 
to allow for the loss of pulse size due to electron collec- 
tion because the correction for a given burst depends 
upon the unknown configuration, within the ion- 
chamber, of the ionization that produced it. However, 
it is possible, when making calculations of the burst 
sizes produced by the known types of ionizing events, 
to introduce the exact correction for this effect. There- 
fore the experimental results will be presented without 
correction, in terms of the number of ion-pairs actually 
detected, and it will be understood that a correction 
should be incorporated in any calculations that are 
made. An approximate correction of the experimental 
data for the missing contribution from the positive ions 
can be made by increasing the size of all bursts by 11%. 


3. RECORDING EQUIPMENT 


Two completely independent measuring systems were 
used, one with a vibrating reed electrometer and the 
other with a Raytheon CK-5889 electrometer tube. 
In both systems the feedback circuit consisted of an 
air dielectric capacitor in parallel with a 10*-ohm 
resistor. The value of the capacitor was about 10 uuf 
in the vibrating reed instrument and 8 uyf with the 
electrometer tube circuit. The time constants of the 
circuits were therefore each about 0.1 sec. 

The vibrating reed electrometer was set at unity gain 
(full scale 1 volt) so that it was used essentially as an 
impedance converter only. This setting gave the short- 
est rise time of the output pulses. Two feedback dc 
amplifiers of different sensitivity were connected in 
parallel to the output and used to drive the two pens of 
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Fic. 3. The size-frequency integral distribution of the bursts in 
the unshielded 8-inch spherical ion-chamber, filled with argon at 
50 atmospheres. (a) The effect of a very small source of radium 
gamma rays; (b) the curve measured” in 1939 with a different ion 
chamber under a heavy roof 


a fast (Brush Development Company) oscillograph. 
The ratio of the sensitivities was 20:1. The lengths of 
the pulses on the oscillograph paper were measured 
visually and counted. An electronic pulse height an- 
alyzer also was used for the smaller bursts, thus ex- 
tending the measurable size range, but measurement of 
very small bursts with the vibrating reed electrometer 
was found to be unreliable since these pulses were 
swamped by the residual hum and the 400-cycle carrier 
from the synchronous rectifier. With the vibrating reed 
apparatus the range of size measured reliably was about 
400: 1. 

The pen records were indispensable because they 
enabled the onset. of a circuit failure, or other spurious 
effect such as a momentary failure of the mains, to be 
recognized and allowed for in the results. A substantial 
portion of the size-frequency distribution curve at the 
large size end is composed of bursts which occur less 
than once in 100 hours: even a few unrecognized large 
spurious pulses would seriously alter the shape of the 
curve at this end. 

In the electrometer tube apparatus, which was a 
later development, paper recording for the larger pulses 
and de coupling in one pen channel were preserved. The 
other pen (the more sensitive one) was driven through a 
pulse lengthener from a gating circuit which opened 
only when the rate of increase of current in the ion- 
chamber exceeded a preset amount. This permitted the 
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pen pulses to rise from a steady base line allowing easy 
and accurate measurement. In addition to the two 
recording oscillographs used for the larger pulses, a ten- 
channel pulse-height analyzer was used for the inter- 
mediate sizes and, for measuring the smallest pulses, a 
discriminator and decade scaler. In this way the size 
range measurable was extended to 4000: 1. 

The length of the gate was about one millisecond for 
the smallest pulses and increased slightly with pulse 
height. For electronic measurement, the pulse was dif- 
ferentiated and the derived pulse arising from the 
closing of the gate was fed to the discriminators. This 
pulse was of definite shape and of polarity opposite to 
that of the original pulse. 

It will be appreciated that exceedingly stable and 
reliable apparatus is required for measuring bursts, 
especially at sea level where measurements may require 
several years’ time. The slope of the size-frequency 
distribution curve in places is very steep (the power law 
exponent approaches 5), so that even relatively small 
spurious variations in the measured sizes of the bursts 
will tend to flatten out the steeper parts of the curve. 
In this respect, the vibrating reed electrometer was 
found to be not entirely satisfactory. This instrument 
is noted for its extremely good stability in dc measure- 
ments, but when applied to record pulses with a rise 
time less than 0.05 second the band width or damping 
becomes important and this changes as the tubes age. 
It was found necessary in the present work to readjust 
the vibrating reed instrument about once a month. 


4. CALIBRATION 


The apparatus was calibrated by applying a square 
wave of known amplitude to a small (1.6 wuf) condenser 
connected to the input of the amplifier or by applying 
similar pulses directly to the insulated outer electrode of 
the ion-chamber after removing the ion-collecting volt- 
age. The pulse frequency was sufficiently low to allow 
the pens to return to zero between successive deflections. 
The pulse height analyzer and the decade scaler were 
also calibrated by this method, using the criterion that 
at the correct amplitude a count would be registered for 
every second pulse on the average. These calibrations 
were made over the whole range of pulse size about 
once every 3 days. The capacities of the small condenser 
and of the ion-chamber were measured by means of a 
standarized in situ™ bridge so that the apparent burst 
sizes are known absolutely in ion-pairs to about +2%. 
It was found (where the results were statistically ade- 
quate) that the size-frequency distribution curves ob- 
tained with the vibrating reed apparatus and with the 
electrometer tube apparatus, with separate ion-chambers 
and gas fillings, coincided to within this accuracy. 
However, small bursts registered by the vibrating reed 
near its limit of detection appeared to be too numerous 
and have not been included in the results. 


~ @ British Ref. AM 10SB/253 
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5. RESULTS 


The ionization bursts observed in the unshielded 
8-inch ion-chamber (volume 4.4 liters, with 50 atmos 
argon at 0°C) at 400 feet above sea level at Deep River, 
Ontario, (Lat 46°06’N, Long 70°30’W) are shown in 
Fig. 3. For convenient replotting, the coordinates of 
representative points on the curve are given in the first 
two columns of Table I. The burst size, in ion-pairs, is 
the measured size resulting from collection of the elec- 
trons only. 

In the region of the larger bursts, 10° ion-pairs and 
upwards, the results from the vibrating reed and from 
the electrometer tube apparatus were essentially identi- 
cal and have been added together to make a total of 
4483.5 hours of running time. The curve has been 
plotted nearly to the largest burst observed (5.3 10" ion- 
pairs) and the statistical errors are indicated at repre- 
sentative points. The marked kink at the level of one 
burst in 100 hours (and at burst size 5X 10° ion-pairs) 
is real and similar to the discontinuity first reported in 
1939.° One of the 1939 curves is shown, as broken curve 
(b), in Fig. 3. This curve was obtained with an ion- 
chamber containing approximately the same mass of 
argon, but the ion-chamber was large (175 liters), the 
gas pressure low (1.52 atmospheres), and the ion- 
chamber was in a laboratory with a thick roof. If one 
considers these differences, the two curves are reason- 
ably similar. The larger size of the bursts in the lower 
branch of the older curve may be attributed to the 
heavy roof. The observation of a similar discontinuity 
has been mentioned by Prescott. 

The curve between 2X 10* and 10° ion-pairs contains 
only results obtained with the electrometer tube ap- 
paratus. As already mentioned, in the region of smaller 
bursts, between 10° and 10° ion-pairs, the results from 
the vibrating reed and the electrometer tube apparatus 
differed and bursts of less than 10° ion-pairs could be 
measured only with the latter. 

It will be seen from Fig. 3 that the inclusion of bursts 
of smaller size than were measured previously has re- 
vealed some new features in the size-frequency dis- 
tribution curve. There is a knee near 20 000 bursts per 
hour above which the curve levels off. There is a well- 
marked bump just above the 10 bursts per hour level, 
and a less pronounced convexity between one burst in 
100 hours and one burst per hour—just above the kink. 

All these measurements were made with the ap- 
paratus inside a large wooden laboratory maintained at 
constant temperature. An additional run of 100 hours 
was made with the electrometer tube ion-chamber out- 
side on the roof in the free atmosphere, the preamplifier 
being connected by a long cable to the main amplifier 
inside the building. The preamplifier was insensitive to 
temperature variations. During this 100-hour period the 
barometer was continuously near 997 millibars, the 
average for the station. The experimental points from 


* J. R. Prescott, Proc. Phys. Soc. (London) 65, 925 (1952). 
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Log. Logw (No./hr larger than given size) 

(size in Extensive Single Single 
ion-pairs) All bursts showers Stars protons mesons Electrons 
43 4.52 1.51 1.25 2.70 4.33 4.04 
44 4.46 1.47 1.25 2.68 4.29 3.93 
45 441 1.42 1.24 2.66 4.25 3.88 
4.6 4.35 1.37 1.23 2.64 4.19 3.81 
47 4.28 1.29 1.22 2.62 4.12 3.74 
48 4.02 1.15 1.21 2.58 3.85 3.47 
49 3.66 0.98 1.19 2.51 3.43 3.18 
5.0 3.32 0.81 1.17 2.41 3.06 2.81 
5.1 2.98 0.64 1.15 2.29 2.68 2.40 
5.2 2.62 0.46 1.11 2.15 2.26 1.91 
5.3 2.27 0.29 1.07 2.00 1.79 1.10 
5.4 2.04 0.11 1,02 1.88 1.32 0.01 
5.5 1.85 1.94 0.96 1.7 0.81 . 
5.6 1.67 1.76 0.87 1.56 0.35 

5.7 1.47 1.59 0.77 1.36 

5.8 1.21 1.42 0.64 1.06 

5.9 0.80 1.24 0.48 0.50 

6.0 0.43 1.07 0.28 1.83 

6.1 0.08 2.90 0.02 2.88 

62 1.74 2.72 1.69 es 

6.3 1.39 2.55 1.29 

64 2.94 2.38 2.7 

6.5 2.47 2.21 2.14 

6.6 2.11 2.03 3.31 

6.7 3.88 3.86 4.32 

68 3.69 3.69 see 

69 3.52 3.52 

7.0 3.34 3.34 

7.5 4.47 4.47 


this relatively short run did not differ significantly from 
the curve of Fig. 3, showing that at least for the smaller 
size bursts in the unshielded ion-chamber the walls of 
the laboratory had a negligible effect. (On the other 
hand, when the ion-chamber was shielded with small 
thicknesses of lead, there was a difference between the 
rates obtained inside and outside the building.) 

Barometer effect corrections of —3% per cm Hg for 
bursts of less than 10° ion-pairs and — 10% per cm Hg 
for all larger bursts appeared to be suitable and were 
applied but the running time was so long that these 
corrections had negligible effect and might have been 
omitted. 


6. BACKGROUND FROM NATURAL GAMMA AND 
ALPHA RADIATIONS 


The laboratory used for these measurements was 
built upon a thick layer of white crystalline dolomite 
which shielded it from the natural gamma radiation 
from the subsoil and the building materials were selected 
for their low radioactive content. The small bursts due 
to the gamma radiation from a watch dial placed near 
the ion-chamber produced the effect shown by the 
broken curve (a) in Fig. 3, but the intensity of this 
gamma radiation was shown, by means of a scintillation 
detector, to be about 100 times the intensity of the nat- 
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ural gamma radiation in the laboratory. It was there- 
fore concluded that the effect of the natural gamma 
radiation was negligible. The bursts arising from the 
natural alpha particles in the ion-chamber were also 
shown to be negligible by measuring background with 
low-pressure argon in the ion-chamber 


7. COMPONENTS OF THE DISTRIBUTION CURVE 


The size-frequency distribution curve of Fig. 3 was 
analyzed, by a procedure which will be described in the 
following two sections, into components attributed to 
five different burst-producing agents: ~ mesons, elec- 
trons, protons, stars, and extensive showers. These 
components are shown in Fig. 4 and given in the re- 
maining columns of Table I. The sum of the smoothed 
component curves agrees with the experimental curve 
to within +2°%,, but, of course, this does not mean that 
any component is established with comparable accuracy 


except over a small region of burst size where it 


happens to be the principal component. It may be worth 
mentioning that the diameters of the experimental 
point marks in Fig. 3 correspond to a change of rate of 
10%. We shall next describe the subsidiary experiments, 
and the calculations and assumptions, on which the 
analysis was based 


8. SUBSIDIARY EXPERIMENTS 
a) Bursts under 27 cm of Lead 


The integral distribution of bursts measured (1852 
hours) with the 8-inch ion-chamber shielded by a 
hemisphere of lead, 27 cm thick, is given in Fig. 5. This 
experiment formed part of a study of the effect of lead 
shields of different thicknesses which will be published 
in another paper. 

Under such a great thickness of lead it is not expected 
that the the cosmi 
radiation in air will produce any effect. The bursts 


soft electronic components of 
observed will be due to the » mesons and the protons 
that penetrate the lead, to electronic cascades originat- 
ing in the lead, and to star production near or within 
the ion-chamber. 

Referring to Fig. 5, and neglecting at this stage the 
component labeled “stars,” it can be seen how it was 
possible to make a first approximate analysis into meson, 
proton, and electronic cascade components by assuming 
that the latter distribution was a power law consistent 
with the measured size-frequency distribution for the 
bursts of sizes greater than 10° ion-pairs. A straight 
line representing this power law was extended beyond 
10° ion-pairs and subtracted from the main curve. The 
integral size-frequency distribution of the larger proton 
bursts thus obtained was then also extrapolated towards 
smaller sizes in a smooth reasonable manner to produce 
a total rate of proton bursts equal to about 0.5% of the 
rate for bursts of all kinds. Both the proton and the 
electronic cascade bursts were now subtracted from the 
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main curve and this left the distribution of bursts 
which has been ascribed to single u mesons. This dis- 
tribution had a very steep and approximately straight 
(power law) tail which seemed to be reasonable (see 
Sec. 10 below). 


b) The Extensive Air Showers 


An 8-inch ion-chamber was used in coincidence with 
a 30-inch ion-chamber placed at the same level about 
3 meters away, coincidences being established by means 
of the electronic gating circuit associated with the elec- 
trometer tube recording equipment. Only those bursts 
in the 8-inch ion-chamber which were associated with 
pulses larger than a certain minimum size in the 30-inch 
ion-chamber were recorded. The minimum size chosen 
corresponded to intersection of the 30-inch ion-chamber 
by at least four extensive shower particles. Since the 
30-inch ion-chamber was 14 times the area of the 8-inch 
ion-chamber, this ensured that while most of the exten- 
sive showers would be detected in the 8-inch ion- 
chamber, a negligible number of accidental coincidences 
due to unnecessarily frequent opening of the gate would 
occur. The experimental points obtained are shown on 
Fig. 4 and they appear to be in line with the lower 
branch of the unshielded distribution curve. The align- 
ment indicates that the lower branch contains only 
bursts due to extensive showers. The complete dis- 
tribution of bursts due to extensive showers in the 
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Fic. 4. The five components of the size-frequency integral 
distribution. The experimental points are from a coincidence 
experiment to determine the bursts due to extensive air showers. 
The scale of star prongs is from the prong frequency distribution 
found in photographic emulsions. 
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unshielded 8-inch ion-chamber may be represented by 
the power law, 
N=6.45S-)-%, (1) 


where N is the number of bursts per hour of size equal 
to and greater than S in units of 10° ion-pairs. 


(c) Preliminary Analysis of the Unshielded 
Distribution 

A first approximation to the analysis of the unshielded 
distribution curve was then made using the measured 
bursts due to the extensive showers, proton bursts with 
the same distribution as those found under thick lead 
but with their rate of occurrence normalized to produce 
the “proton bump,” and meson bursts, derived from the 
distribution found under thick lead by assuming an 
absorption coefficient in lead, 0.038 X 10~* g— cm?, equal 
to that measured by Kraushaar®® for mesons of range 
less than 300 g cm™*. When all these bursts were 
subtracted from the main curve two other components 
appeared. One of these was similar to the distribution 
of bursts from single mesons and was attributed to 
single electrons. The other was composed of bursts 
extending in size beyond the proton distribution but 
with a rather sharply defined limit at the kink. These 
are the bursts which, on account of their apparently 
sharply limited size at about four times the size of the 
largest proton bursts, were previously attributed™ by 
one of us (H.C.) to alpha particles from stars. However, 
it has now been realized that these bursts can very well 
be represented by an exponential size-frequency dis- 
tribution and still retain, on the conventional logarith- 
mic plot, their apparently sharply limited size. Further, 
it is known from measurements in photographic emul- 
sions that the frequency distribution of stars is approxi- 
mately exponential in terms of their number of prongs. 
This component has therefore been attributed to stars 
originating in the ion-chamber and in its walls. 

Confirmation that this identification is valid may be 
obtained from star measurements in photographic emul- 
sions. The distribution of bursts attributed to stars in 
Fig. 4 results from the final analysis, described in Sec. 9 
below, in which it was assumed only (with complete 
success) that the distribution was exponential. Collected 
data of the relative abundance in photographic emul- 
sions of stars with different numbers of prongs have been 
plotted by Rossi,®* showing a number of distributions 
approximately exponential in terms of the number of 
prongs. These distributions tend to become steeper at 
low altitudes. A distribution for sea level is not given, 
but it seems reasonable to assume that at sea level the 
distribution is an exponential in which there are 300 
times as many stars with 3 prongs as there are stars with 
15 prongs. If this distribution is fitted to the exponential 


"a8 W. L. Kraushaar, Phys. Rev. 76, 1045 (1949). 

* B. Rossi in Proceedings of the Echo Lake Cosmic-Ray Sym- 
posium (Office of Naval Research, Washington, D. C., 1949), 
p. 335 
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Fic. 5. The size-frequency integral distribution of the bursts in 

the 8-inch spherical ion-chamber filled with argon at 50 atmos- 

heres and shielded by a hemisphere of lead, 27 cm thick. Also the 
our components of the size-frequency distribution under lead. 


in Fig. 4, it yields the scale of prong numbers shown 
inset. It follows that each star prong produces on the 
average 2.0 10° ion-pairs corresponding to an energy 
of 5 Mev. The average energy per prong found for stars 
of less than 10 prongs in photographic emulsions, is a 
little larger than this’”—about 8 Mev for the shorter 
proton prongs and 15 Mev for alpha-particle prongs. 
The difference may indicate that there is some columnar 
recombination in the ion-chamber, tending to diminish 
the number of ion-pairs collected from heavily ionizing 
star prongs. 

Further confirmation comes from the remarkable 
observations of stars in argon (and other gases) made by 
Brown*® using a combined cloud and ionization cham- 
ber. Brown finds 8.9-+-0.6 stars of all sizes (including 
single prong stars) per gram atomic weight of argon at 
10 600 feet altitude and he gives an experimentally 
determined factor of 12.5+1.0 between the sea level 
and 10 600 feet rates which yields 0.71 star per gram 
atom per hour in argon at sea level. From Fig. 4, after 
dividing by 9.75, the number of gram atoms of argon 
in the ion-chamber, the number of star bursts with one 
or more prongs is found to be 1.20 per gram atom per 
hour which is in quite good agreement. However, it 
is profitable to make a detailed comparison of Brown’s 
sea level figures with ours. This is done in Fig. 6, where 
the exponential curve is replotted from Fig. 4 and the 
experimental points are obtained from the figures in 
Table II of Brown’s paper. The exponential is 


N= 1.890 6? (2) 
*” Harding, Lattimore, and Perkins, Proc. Roy. Soc. (London) 


A196, 325 (1949). 
* W. W. Brown, Phys. Rev. 93, 528 (1954). 
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Fic. 6. The solid line is the star frequency integral distribution 
replotted from Fig. 4. The points are from the cloud chamber 
observations of stars in argon at sea level, made by Brown.™ Note 


and double prong stars 


the deviation for single 


where N is the number of stars, per hour per gram atom 
of argon, with P or more prongs. It is seen that the two 
sets of measurements appear to be in exact agreement 
except for a deviation in Brown’s data for the double- 
and single-prong stars. This deviation may reasonably 
be attributed to the triggering level of 8 Mev used by 
“the true flux may be still higher 

Mev. is 


Brown. He says 
since interactions in 
. are not counted.” 


which less than 8 


dissipated . 


d) Identification of Proton Bursts 


The 8-inch ion-chamber was placed beneath a Lucite 
heavy-particle-selecting Cerenkov detector” as shown 
in Fig. 7. This apparatus was kindly lent to us by 
Dr. M. Bercovitch of this laboratory. Three Geiger 
counter trays in coincidence, one above and two be- 
neath the Cerenkov detector, selected ionizing particles 
which could intersect the ion-chamber. The Cerenkov 
detector was put in anticoincidence with these Geiger 
coincidences so that only particles that produced no 
appreciable amount of Cerenkov light were used to gate 
the ion-chamber. It is known” that such particles are 
mainly single protons, and with a Lucite detector they 
range in energy up to about 320 Mev. 

The size-frequency distribution of the bursts selected 
in this way should correspond to that of all the long- 
range protons in the same energy range that intersect 
the ion-chamber, but of course the selected bursts will 
be very much less frequent. The largest bursts should 
correspond to the protons that cross the gas volume 
near the end of their range, and there should be a cutoff 
of the smaller bursts corresponding to the 320-Mev 
energy limit of the protons selected by the detector, 
i.e., at rather less than twice minimum ionization. The 
bursts from single slow mesons in this experiment were 


* T. Duerden and B. Hyams, Phil. Mag. 43, 717 (1952 
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calculated and shown to be entirely negligible both in 
size and frequency. 

The experimental points obtained in a run of 180 
hours duration normalized at a point near 2X 10° ion- 
pairs to the so-called proton component of the un- 
shielded ion-chamber are shown in Fig. 8. It is evident 
that the fit supports the identification of this component 
as due to protons. 


9. FINAL ANALYSIS OF THE DISTRIBUTION CURVE 


The » meson, electron, proton, star, and electronic 
cascade components, which had been found, were then 
readjusted so as to produce by successive approximation 
a consistent analysis of both the unshielded and the 
27-cm lead distribution curves. The following conditions 
were imposed : 


(a) The bursts from electronic cascades generated in 
thick lead have a power-law integral size-frequency 
distribution with exponent —1.73+0.01, consistent 
with the slope used in the preliminary analysis of Fig. 5. 

(b) The bursts in the unshielded ion-chamber from 
extensive air showers have a power-law integral size- 
frequency distribution with exponent —1.73+0.01, as 
measured in the coincidence experiment.” 

(c) The bursts from single u mesons have the same 
size-frequency distribution (i.e., only the rates differ and 
by the same factor for all sizes) in the unshielded and 
shielded ion-chambers and their absorption coefficient 
is 0.03810 g— cm? of lead. 

(d) The bursts from individual electrons are found 
only in the unshielded ion-chamber. 

(e) The bursts from stars have the same size-fre- 
quency distribution in the unshielded and shielded ion- 
chambers and their integral rate is an exponential func- 
tion of their size. 

(f) The bursts from protons have the same size- 
frequency distribution in the unshielded and shielded 
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Fic. 7. The experimental ar- 
rangement for isolating bursts due 
to long-range protons. The sensi 
tive areas of the counter trays of 
the 3-fold coincidence telescope 
were approximately square. 
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The equality of the exponents in (a) and (b) is an experimental 
result which may be significant, but it must be noted that the value 
for the unshielded ion-chamber depends upon the material and 
the thickness of the wall. The exponent is considerably smaller 
with a thin shield of lead above the ion-chamber. It is possible 
that 1.73 is the limiting value reached as the wall thickness ap- 
proaches zero 
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ion-chambers, and the shape is as similar as possible to 
that of the Cerenkov experiment curve. 

(g) The absorption in lead of the bursts from stars is 
the same as that of the bursts from protons. 


The result of this analysis has already been given in 
Fig. 4 and in Table I. 

The absorption coefficient found for the protons in 
this analysis was (4.7+0.6)10~ g™ cm? in Pb. This 
figure is not dependent only upon the unshielded and 
the 27-cm shield data. When the same value was used 
for analysis of the bursts measured under 12-, 17-, and 
22-cm shields, consistent results were obtained. The 
corresponding mean free path is 215430 gcm™*. The 
difficulties encountered by others especially at sea level 
(see for example Bridge and Rediker“), in attempting to 
measure the absorption of the nucleonic component in 
lead in the presence of the background of showers from 
electronic cascades, do not affect the present experiment 
where the result depends upon direct detection of the 
slow protons. The value obtained agrees with that 
found by Millar ef al.,” 206+30 g cm™, using a cloud 
chamber in which the protons were observed directly. 

The absorption of the bursts from electronic cascades 
between 12 and 27 cm of lead is exceedingly small 
corresponding to a mean free path in excess of 2000 g 
cm~. This indicates, unless there are two compensating 
processes at work, that these cascades are produced 
mainly from mesons. The analysis of the data does not 
actually give any information about the absorption of 
the star-producing agents, condition (g) above. Under 
thick lead, the star bursts are swamped by the electronic 
cascade bursts. With very thin lead shields (less than 
0.5 cm), there is some evidence of a transition effect in 
the star production but the absorption of the proton 
component shows no transition effect. The bursts meas- 
ured under lead will be treated more fully in another 


paper. 


10. CALCULATION OF BURSTS FORM SINGLE MESONS 


The flux of cosmic-ray particles and showers at sea 
level is known from measurements that have been made 
with Geiger counters. The omnidirectional flux through 
a sphere of unit cross-sectional area is given® as 2.41 
X10? per sec unshielded and 1.68X10~ per sec with 
167 g cm™ of lead between the counters. The latter rate 
arises almost entirely from y« mesons and is readily 
extrapolated to 27 cm of lead [see Sec. 9(c)]. The 
corresponding rates for an 8-inch sphere are 28 100 per 
hour unshielded and 18 600 per hour shielded by 27 cm 
of lead. It is satisfactory that the rates actually meas- 
ured are in fair agreement with those figures, especially 
as the measured rate of the smallest bursts was found to 


“ #7. S. Bridge and R. H. Rediker, Phys Rev. 88, 206 (1952). 
© Millar, Henderson, Garrison, Potter, Sandstrom, and Todd, 
Phys. Rev. 94, 167 (1954 

#B. Rossi, Revs. Modern Phys. 20, 537 (1948). 
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Fic. 8. Comparison of the integral distribution of proton bursts 
(experimental points) selected by the Cerenkov detector with the 
proton component (full curve) of Fig. 4. The two rates have been 
normalized at the fourth experimental point near the size 2X 10* 
ion-pairs 


be rather variable and somewhat affected by the setting 
used for the trigger of the gating circuit. 

The size-frequency distribution of bursts expected 
from single mesons of energy 1 Bev in the 8-inch ion- 
chamber was considered by Gardner.“ He used the 
energy loss and its fluctuations due to the Landau 
effect, as given by Symon, the distribution of path 
lengths in the ion-chamber as determined by the inner 
and the outer spheres, and a detailed treatment of the 
loss of pulse size due to the electron collection character- 
istics of the ion-chamber. Two limiting cases were con- 
sidered. In one it was assumed that all the energy lost 
by the meson appeared as ionization in the ion-chamber, 
and in the other, following Hudson and Hofstadter, 
that the larger energy losses (which are presumably the 
production of single energetic delta rays) expend only a 
limited amount of their energy in the ion-chamber. In 
the latter case the Landau fluctuations are cut off at a 
size that roughly corresponds to the ionization of the 
meson and one delta ray crossing the ion-chamber. 

Gardner’s curves are compared with the experimental 
distribution curve of mesons under 27 cm of lead in 
Fig. 9. The calculated energy loss was converted to 
number of ion-pairs by assuming that one ion-pair 
corresponded to 25.4 ev,” and the integral rate was 


“J. W. Gardner, Atomic Energy of Canada Limited Report, 
CRT-565, 1954 (unpublished). 

“L. D. Landau, J. Phys. (U.S.S.R.) 8, 201 (1944). 

“ K. R. Symon, Harvard University thesis, 1948 (unpublished), 

“ A. M. Hudson and R. Hofstadter, Phys. Rev. 88, 589 (1952). 

“ Rutherford, Chadwick, and Ellis, Radiations from Radioactive 
Substances (Cambridge University Press, Cambridge, 1951, second 
edition, P 1 her ners — been more correct to have used the 
recent value 26.4 given by P. Jesse and J. Sadauskis, Phys. Rev. 
90, 1120 (1953). os , ™ 
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nter rate of 18 600 bursts 


our he ent between the calculated and 


ne experimental cl considering that they have not 
wen fitted in any way, is good—they diverge only for 
larger sizes where the calculation gives alternative 
s. The experimental curve lies between the two 


ated « 


irves but is much nearer to the calcula 


= : 4 
cutoff of the energy losses. The possibility of fol 


ad- 
1 into Gardner’s calculation was 
of 


mesons near the end of 


ing the meson spectrun 


investigated to see if inclusion the larger bursts 


obtainable from their range 


would improve the agreement, but it appeared that an 


umber of suitable bursts was to be obtained 


led 


insulhcient tf 


in this way. It may be conclu hat a cutoff is 


necessary but that the one used was slightly too severe 
lso shown in Fig. 9 is a distribution curve for mesons 


crossing the ior 


chamber diametrically. In this curve, 
the Landau fluctuations alone (with cutoff) provide the 
Comparison with the fully calcul 


spread in size ated 
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distribution curve shows the infiuence of the ion-cham- 
ber geometry. 

The calculated argon curve with no energy loss cutoff 
has a tail which is sensibly parallel to the power-law 
distribution of the electronic cascade bursts found un- 
der thick lead up to 10® ion-pairs where a 1-Bev meson 
begins to have insufficient energy to maintain the tail. 
This is indicative of the well-known process by which 
the knock-on electrons from mesons in the lead produce 
bursts in the ion-chamber after the electrons have 
cascaded in the lead. 

The remaining component of the unshielded distribu- 
tion, attributed to electrons, and the electronic cascade 
bursts from lead will be discussed in another paper when 
the observations made with various thicknesses of lead 
shielding are presented. 


11. SUMMARY AND CONCLUSION 


In the above, the term ionization burst, usually 
applicable to the larger cosmic-ray effects in ion-cham- 
bers, has been extended to include any detectable pulse 
and it has been shown that the measured bursts include 
those produced by single particles of minimum ioniza- 
tion. Though these are easily measured with scintillation 


counters and proportional counters, they 


have not 
hitherto been reliably detected with a continuously 
sensitive ion-chamber. 

The main purpose of this paper is to present what we 
believe to be rather comprehensive and reliable measure- 
ments of the bursts in a particular ion-chamber. The 
analysis of the bursts into five different components, 
ascribed to extensive air showers, stars, single protons, 
single 4 mesons, and electrons, is provisional only and 
not very exhaustive, but it may help to suggest how the 
data can be interpreted and used. It will be understood 
that these five components emerge only because of the 
comparatively large rates of occurrence of the events 
to which they have been ascribed. For example, it is 
known, from coincidence experiments not mentioned 
above, that the single-proton component actually con- 
tains an appreciable percentage of multiple events 


12. ACKNOWLEDGMENTS 


We wish to express our appreciation of the very care- 
ful measurements of the pen recordings carried out by 
Miss Marjorie M. Hughes. We thank J. W. Gardner 
for his calculations of meson bursts in our ion-chamber 
and also E. P. Hincks for a discussion of the manuscript. 





PHYSICAL REVIEW VOLUME 


99, NUMBER §& 


SEPTEMBER 1, 1955 


Interaction between K-Particles and Nucleons 


A. Pats* anp R. SERBER 
Department of Physics, Columbia University, New York, New York 
(Received May 30, 1955 


Some consequences of the strong interactions between K-particles and nucleons are discussed. A con 
nection is noted between the associated production mechanism and spatial exchange characteristics of 


K-nucleon scattering 


The same is true for A®-nucleon scattering 


lhe X-nucleon interactions may possibly 


lead to bound states of K-particles in nuclear matter (“K-fragments’’). If a @ fragment exists, its decay 


modes are 2-, 1 


or 0-mesonic. It is estimated that the former two modes would have comparable proba 


bilities, while the last one is less probable by a factor ~0.005 if the spin of the @ is zero, or by a factor 
~.05 if the spin is 1. The results may have bearing on the interpretation of fragments with energy release 


larger than corresponds to a bound A’®. 


( NOSMOTRON experiments! indicate an appreciable 


cross section (~1 mb) for the reaction 


r+ poA+e 


for x energies ~1.5 Bev. As the virtual process 

+p+on goes via the strong Yukawa-interaction, it 
follows from these experiments that nA°+ also goes 
via a coupling that is strong. As a result there exists a 
strong n—@ interaction that may manifest itself in 
#—n scattering: by means of n—A°+@ the incoming 
neutron goes over into an outgoing @ with virtual 
emission of a A°; while via A°+@— mn the incoming # 
absorbs this A° and goes over into an outgoing neutron. 
Thus the n—@ coupling leads to a space-exchange 
scattering. This character of the interaction is of im- 
portance for the slowing down of ’s passing through 
matter, as exchange forces tend to favor large mo- 
mentum transfers. 

There is very preliminary evidence’ for the reaction 
x +p—>°+@ where the =°-hyperon is a particle*® sup- 
posed to be short lived for the transition 2°-A°+¥. 
If further evidence substantiates this reaction there 
will also be n—@ exchange forces via the intermediary 
of the >°. 

Neither the A° by itself nor the 2° by itself can act as 
intermediaries in a conceivable #— p interaction. How- 
ever, the possibility exists that a #@—p force is brought 
about by the 2+. Direct evidence for this would, for 
example, be obtained if the reaction x++n—2*++@ 
were established. At any rate it is clear that the mecha- 
nisms of #®—n and #—p interactions mentioned here 
lead to a dissymmetry between these two forces. It 
should be observed that #—nucleon forces of a non- 
exchange kind may also be envisaged.‘ 

* On leave of absence from the Institute for Advanced Study. 

1 See R. P. Shutt, Proceedings of the Fifth Annual Rochester 
Conference, 1955 (University of Rochester, Rochester, to be 
published) 

2R. P. Shutt and W. D 
Annual Rochester Conference, 
Rochester, to be published 

*For the designation of the various hyperon states see, e.g., 
M. Gell-Mann and A. Pais, Proceedings of the Glasgow Conference 
(Pergamon Press, London, 1955 

4 Assuming the existence of antibaryons, a & can virtually give 
an anti-A® plus a neutron, for example, where the neutron in this 


Walker, Proceedings of the Fifth 
1955 (University of Rochester, 


Similar arguments lead to K-nucleon forces for other 
K-particles whenever it is known that A-production 
takes place in nucleon-nucleon or #-nucleon collisions. 
And if the production is of the associated type’: 
x+nucleon—} +X, then these forces necessarily have 
the typical exchange character exemplified above for 
the #. Thus from the reaction! #~+p-—-2~+KX* one 
derives K*~—n exchange forces via the 2. A K*+—p 


force can be brought about via A° or 2°. 


Various events 
have been found which may be interpreted as K+ 
—nucleon scattering.® 

By the same argument if follows that the strong 
interactions n+A°+@, peoA°+ Kt, lead to A®-nucleon 
exchange scattering. The exchange mechanism here 
favors the substitution of a nucleon by a A® when the 
latter hits nuclear matter and thus tends to increase 
the probability of hyperfragment formation. 

In certain instances (specifically for K~-particles) 
the K-nucleon interaction may manifest itself by a 
rapid K-absorption in nuclear matter with the emission 
of a hyperon. Events of this kind have been observed’ 
and are in accordance with somewhat more detailed 
theoretical considerations on the properties of the new 


particles.* It has been pointed out by Lee’ that K- 
intermediate state can interact with the initial nucleon via the 
w-meson field. This is the type of interaction presumably referred 
to by M. W. Friedlander et al., Nuovo cimento 1, 694 (1955), 

‘For experimental evidence of the associated production of 
charged A’s and hyperons, see, ¢.g., K. Gottstein, Nuovo cimento 
1, 277 (1955 

® See, e.g., R. R. Daniel and D. Lal, Proc. Indian Acad. Sci 
41, 15 (1955); W. R. Chupp ef al., University of California 
Radiation Laboratory Report UCRL-2963; M. W. Friedlander 
et al., Nuovo cimento 1, 694 (1955). 

7 See, e.g., H. de Staebler, Phys. Rev. 95, 1110 (1954); M. W 
Friedlander e al., Phil. Mag. 46, 144 (1955 

*See A. Pais, Proceedings of the Rochester Conference, 1955 
(University of Rochester, Rochester, to be published). The 
K-particles discussed there are given the tentative designation 

"s , B°, B. The charge Q for these particles is given by 
Q=1,+K,;, ls=+4, Ky=+4. For strong and electromagnetic 
interactions 2/, and DK; are supposed to be conserved. The 
K-particle absorption by nuclei with A° emission satisfies these 
conservation rules for those K-particles which have K,y= —}, 
(B° and B~). These same rules prohibit this absorption mechanism 
for B* and B°. We assume here the @ is of the he type: J,= —}, 
K,=}, consistent with their associated production with A"s and 
with the assignments /,~0, K,= —4 for A®. In the same Pro 
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PAIS 
absorption experiments on certain specific nuclei are of 
importance for the verification of isotopic spin assign 
1€1 he new particles 

to the theoretical views just referred to,’ 
: Ks 


for neutral 


even 


K 


| 
i 


absorption cannot go fast for positive 


the Coulomb repulsion) and 


isregarding 


( 

ones of the type #. Apart from the scattering phenomena 

mentioned previously, there is still another source of 

nformation concerning strong K-nucleon interactions 

of these particles, namely charge-exchange scattering, 
AS 


+bp—-1n+f.~ (ta 


where @ is a positive K-particle belonging to the same 


as @ ne 0” is pres imably the exper 


ally identified particle K,.* (or x*). A reaction of 
selection rules that 
This 


proton 


is in accordance with 


pre yt “ ysecd for 


» kind (la 


ve been strong interactions.’ 
instance go via the A®°: the 


the # absorbs the A 


attering can lor 
4° and goes over into @*: 

goes over into a neutron 
At the 


distinct A-particles (of given « 


time of writing it is far from clear how many 


narge, say) there are 


Dalitz’s analysis of r-decay data 


However strongly 


there are at least two distinct kinds of 
les. Within the framework of 


these distinct K-particles should 


suggests that 


K-partic 


herto advanced,’ 


theoretical ideas 


ussigned the same quantum numbers of isotopic 
that have been spec ified so far. This leads us to a 


new problem, first noted by Friedlander et al.*: is the 


T hucieon lb 


K+nucleon—K’ 
where K and K’ belong to distinct K-mul 


is in accordance with charge 


vossible tiplets 


| where. of course, (1b 
onservation? Can % 
ra & in 


lor exampie go over into a @# 
this rhe selection rules for strong 
That 


transitions could nevertheless be prohibited by more 


nteractions® are not inhibitive here such #++r 


specific assumptions about the dynamics of the inter 
actions concerned is evident from the example discussed 


by Utiyama and Tobocman." The interactions proposed 


by these authors actually forbid the conversion of a @ 
to a r via strong interactions. Apart from all theo- 


the experimental verification of 
like 


an one experimentally determine 


retical specul ition 


whether or not reactions ib) can take place raises 
How « 
K-particle is which” in a sit 
its decay? While such 


1 new question: 


whicl jation where this 


particle cannot be followed ti 


seem impossible in principle, 
i 


it is certainly far from easy and it will be 


a determination does not 
especially 


dificult the more nearly mass-degenerate distinct A 


particles will be 
ceedings the equivalence of these assignn 
first proposed by M. Gell-Mann is discussed 

*T. D. Lee, Phys. Rev. 99, 337 (1955 

’R. H. Dalitz, Phil. Mag. 44, 1068 (1953); Phys. Rev. 94, 1046 
1954 Proceedings of the Rochester Conference, 1955 (Uni 
versity of Rochester, Rochester lished 


to be published 
R. Utivama and W. Tobocman, Phys. Rev. 98, 780 (1955 
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The foregoing discussion referred to bosonic K- 
particles (Kg) only. It is our understanding of the 
present situation that it is not inconceivable that all 
K-decay modes observed so far could actually be 
interpreted as heavy-boson disintegrations. Neverthe- 
less it seems proper to ask in which way various argu- 
ments would be affected if we would have to envisage 
also the existence of fermionic K-particles, K p. 

First of all it will be clear from the conservation of angular 
momentum and of baryons that in a nucleon-nucleon or r-nucleon 
collision K»’s can only be produced together with another “light 
a fermion that is not a baryon; (the K r-production 
ay either be direct or indirect via the decay of some “‘super-Kg’’). 
There will then be no 


ion” i.e., 


Suppose this light fermion is itself a Kr 
special problem in explaining possible long lifetimes" for the K r 
In particular, there can be no objection from this point of view 
to a pair coupling between K r’s and nucleons; such an interaction 
would give rise to K g-nucleon scattering. It may be worth while 
to point out that the arguments® for the interpretation of an 
apparer particles so far specifically 
refer to Kg’s 
the lowest threshold reactions involve the production of a Ka,’ 


t plus-minus asymmetry of K 
The point is that, assuming associated production, 
and a hyperon. If we assume 2K p-production, there is no analogous 
reaction for Kr and the plus-minus ratio should behave differently 
for Kp than for Kz 

If on the other hand the light fermion accompanying the Kr 
a muon, electron, or neutrino), then 
production rate for Kr would, with 
as for Kx, require associated production with 
would be indispensable to assign 


vere of much smaller mass 
a strong direct or indirect 


| 
as much stringenc: 


a hyperon 


I In this situation it 


to Kr quantum numbers of the isotopic type if the selection rules 
for strong interactions® are to be upheld. For the moment it does 
ot seem worth while to pursue further consequences of such a 


situation; we will now return to the exclusive consideration of 


heavv bosons 


Further information about forces between K+ or K® 
and nucleons may obtain if these K-particles can form 
bound states with a nucleon. It is clearly a question of 
much more detail than can at present be handled 
theoretically whether such bound states actually exist. 
On the other hand we can ask: if they exist how would 
they be detected? An obvious answer is that they then 
might show up in the existence of ““K-fragments,’”’ just 
as the existence of A°-nucleon binding is proved from 
the existence of hyperfragments. To be specific let us 
consider the ® (this is, of course, a more plausible case 
than the K* 
modes are of a hypothetical # fragment. 

The main free #-decay mode is 


anyway) and inquire what the decay 


P—9* +--+ ~214 Mev. (2) 


Accordingly, when a @® assumed bound in nuclear 
matter decays, we may expect the emergence of (a) two 
pions, or (b) one pion, the other one being virtually 
emitted in decay and reabsorbed by a nucleon, or (c) 
no pions, both pions being emitted virtually in decay 
and reabsorbed by nucleons. We call these modes 2-, 
1-, and 0-mesonic decay respectively. We shall indicate 
below how the relative probabilities of these modes 
have been estimated, but will first state the results. 


2 See A. Pais, Phys. Rev. 86, 663 (1952 
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(a) 2-mesonic decay.—A preliminary question is 
whether, along with the scheme (2), also ®—2r° is 
possible. This is so only if the spin and parity of the 
are even. If this is the case, the relative probability for 
the charged and neutral mode depends on specifics of 
the interaction. Assuming that the interaction brings 
about a change of a half-unit of isotopic spin between 
the initial and final state,*:? one has 


Wen® = 2wo? . (3) 


where w,,” and wo” are the probabilities for charged 
or neutral 2x decay respectively. The decay interaction 
H, defined by equation (5) below is in accordance with 
relation (3). The charged 2 mesonic decay of a @- 
fragment will give rise to two fast charged pions" of 
~110 Mey. It depends on the fragment size what the 
chances are for these pions to escape. For a fragment 
of the size of C the probability for escape of both pions 
are small, and the chances for star formation corre- 
spondingly large. 

(b) 1-mesonic decay.—Considering the decay process 
as a two-body (@-nucleon) interaction, one will get a 
fast nucleon (~75 Mey) plus a fast pion (~ 260 Mev). 
Call the probability for this process w”. We have 
estimated that w~w®. If 2x° decay is dynamically 
allowed, we must again distinguish between the emission 
of a single charged or neutral pion. Under the same 
assumptions as above for the decay interaction, we have 


Wen” = 2wo™. (4) 


(c) O-mesonic decay.—Now both pions virtually 
created in & decay are reabsorbed by nucleons. In this 
case two fast nucleons (each ~ 250 Mev) will emerge; 
it is clear that here as well as in discussing w” we 
may neglect effects of the exclusion principle in the 
final state. We find that the probability w® for this 
process is ~}% of w® if the spin of ® is zero; and 
~ 5% if this spin is equal to 1. 


Such a hypothetical @ fragment, with an expected 
lifetime comparable to (but shorter than) the free # 
lifetime (~1.5X10~-" sec) clearly distinguishes itself 
from a A° fragment by its much larger energy release. 
In fact, it was just because they found a fragment with 
high-energy release that Fry and Swami first sug- 
gested" the possibility of bound #’s. A further event 
in this high-energy category has meanwhile been found 
by the Wisconsin group."* Of course, these phenomena 
may be due to altogether different causes.'* 


In nuclear matter the 2-mesonic decay is stimulated by 
virtual absorption and emission of the pions by the surrounding 
nucleons. The same is true for the other decay modes. 

“W. F. Fry and M. S. Swami, Phys. Rev. 96, 809 (1954) 

16 Fry, Schneps, and Swami, this issue [Phys. Rev. 99, 1561 
(1955) ]. We want to thank these authors for sending us preprints 
of their work. 

16 For example the event NK, observed by J. Hornbostel and 
E. O. Salant, Phys. Rev. 98, 218 (1955) looks like a case involving 
a charged hyperon where more energy is released than corresponds 
to any known hyperon decay, provided the secondary L-particle 
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These higher-energy fragments are of particular 
interest for those theoretical considerations® according 
to which the only known hyperon that can be semistably 
bound in nuclear matter is the A°. Alternative expla- 
nations of higher-energy fragments as being possibly 
due to other effects than hyperon binding are therefore 
of some interest ; such explorations may help ascertain 
whether or not the theoretical assumptions made need 
modification. 


We come now to the estimates of the decay proba- 
bilities w®, w’, w®. At this point it should be empha- 
sized that the particle which decays (in free space) into 
ax++2~ should, in a terminology explained elsewhere, 
be called the member of the “@-particle mixture” for 
which 2x decay is allowed.’ We call @ the wave function 
of the particle that can undergo 2 decay. Consider 
first zero-spin #’s as an instance of the case: even spin 
and parity. A phenomenological! interaction, 


H,= Max? (5) 


(where g is the coupling constant with dimensions of 
charge, M, is the ® mass put in for dimensional reasons, 
and x is the pion wave function expressed in the usual 
isotopic components x1, x2, Xs), gives" 


g 4? ; 
Wen” = (:- ) M, (6) 
4dr M? 


(where » is the pion mass). One easily sees that the 
structure (5) of H, leads to the relation (3). The two 
pions produced in 2-mesonic decay have an initial 
kinetic energy ~110 Mev. The mean z-nucleon scat- 
tering cross section (¢,.) at this energy is ~60 mb, 
corresponding to a scattering mean free path A,.~2 
X10-" cm. Comparing this with a nuclear radius of, 
say, carbon (~3.210~" cm) it follows that there is a 
fair chance for at least one pion to get absorbed and 
form a star. 

To estimate w”, we need a mechanism describing 
single x absorption. It seems proper to take for this 
interaction 

He=Gu'y'(e- 9) (2x, (7) 


with a G which we take from x-nucleon interaction. 
For a @ at rest in a nuclear medium with average 
density ~3u*/4, we get 


GC 5 fu M 
warns t (2)() Ha 
4 4 \w wo! M+w 


is assumed to be a pion. Bound @’s can have nothing to do with 
this event. Here uw or 8 decay of a 2 may perhaps account for 
the phenomenon. 

17M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955) 
From the arguments presented there it will be clear that there 
are still other decay-modes to be considered for a possible # 
fragment, namely those corresponding to the disintegration 
scheme of the other member of the # mixture. We shall not study 
these here 

We put h=c=l 
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where p and w are the momentum and total energy of 
the emerging pion; M is the nucleon mass. From (5) 
and (7) one sees that (4) holds true. With w~400 Mev, 
we get we," ~8G*/4r. From scat- 
tering, one estimates” G*/4x to be ~ 0.1 and hence w® 
and w® are of comparable magnitude. 

For the pion energy considered here (¢,.)~90 mb, so 
Aee~ 1.3K 10-" cm. Hence the fast pion produced in 
1-mesonic decay has a good chance to be captured in a 
C-nucleus and to produce a star. It follows from the 
foregoing that the large absorption probability of the 


Wer” x-nucleon 


real pions involved will make it hard to disentangle 2-, 
1-, and 0-mesonic decay for nuclei as heavy as carbon 
or heavier. Only for the very light nuclei could these 
various decay modes of our assumed # fragment be 
clearly distinguishable 

In estimating the probability that the two decay 
mesons (either oppositely charged or both neutral) are 
virtually absorbed by two distinct nucleons (the initial 
momentum of which we may neglect compared to their 
and (7). Consider 


final momentum), we again (5 


first the case that we deal with just two nucleons rather 


use 


than a bigger nucleus. The matrix element m® for the 
process than is: 
m= g(M,/2)' w* (w—1M >V (p), (9 


where p is the momentum of one of the final r 


V (p)=G*(2,- 22) (1: p) (ox: pw “un 10 


is a Fourier component of the nuclear force ~G* brought 
7 Act ially Q 


phenomenologically rather 


about by the interaction (7 seems more 


treat Vip 


than insist on its specific form (10 


reliable if we 
Thus we proc eed 


as follows: for large p we have approximately 
Pel(p) MYO (11 


the value at the origin of the 


describing 


J p 


where ¥(Q) is wave 


function y(r 
nucleon pair, while ¢(p 
large p the main contributions in (11 


the relative motion of the 
S @xp(x) exp(—ip-x). For 

come from small 
of n-p interaction, 
the S-state part of the wave function predominates 
over its D-state part, so that we may consider ¥(r 
and ¢(p) to refer to the central part of the nuclear 


‘ 


distances where, in the specific cast 


interaction which is of comparable magnitude for each 


charge state of the nucleon pair.” Then we need not 


specify the nucleon charges in what follows 
Inserting (11 


in which it has not yet 


into (9), we get an expression lor m 


that 


been taken into account 


the nucleon pair considered is itself imbedded in 


nuclear matter. A nucleon pair model of the actual 


Phys. Sox 
Serber 


*See M. H. Friedman and T. D. Lee, Bull. Am 
30, No. 3, 18 (1955). The same value was also found by R 
and T. D using an improved version of the 
Chew-Low plot for e-nucieon scattering | See Proceedings of the 
Fifth Annual Rochester Conference, 1955 (University of Rochester, 
Rochester, to be published) ) 

® See R. L. Pease and H. Feshbach, Phys. Rev. 81, 142 (1951 


Lee (unpublished), 


AND 
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nucleus seems a reasonable description for processes 
involving large final momenta.” On this pair model, 
the transition to the actual nucleus is made by replacing 


(m°)? by 
1/3u*\? 
(m")?- (—) J, 
2\ 49 


where the factor f indicates the deviation of the pair 
correlation from its value for uniform density. The 
probability w is then given by 


Of g Me 
w? lea pr (e-—) 


+ | e(p)|? 
128%? 4r 4 


v(0)|2 

¢(p) may be considered as a high Fourier component 
of the *S-state deuteron wave function about which we 
certainly have not much direct information. However, 
we can compare ¢(p) and ¥(0) with the same quantities 
used by Levinger*® to fit the high-energy nuclear 
photoeffect. Doing this, we get 


o(p)|2/|¥(O) |2= 1682a2(1+8)2p-8, 


where a= (M/«!|)! and e=binding energy of the deu- 

-_ ° . 1 » 
teron. The numerical constant 8 is equal™ to 6.7. 
Hence, finally, 


9 g° ap ®t M?\~* 
u =-—(] +8)? f : (- ) Mp». 
& 4r Mp’ t 


According to Brueckner, Serber and Watson,” f~35 
for a carbon nucleus. For f-values of this order of 
magnitude we find on comparison with (6) that w® 
wen ~ 0.005, so that 0-mesonic emission is a relatively 
unimportant decay mode of the assumed @-fragment. 

The above estimate of w® is incomplete without the 
consideration of the case where the two pions are 
virtually absorbed by the same nucleon which then 
recoils with another nucleon to carry off momentum. 
However, it can be shown that this contribution is very 
nearly proportional to the scalar product of the initial 
and final two-nucleon state, which is zero due to orthogo- 
nality. Hence this effect is small compared to the one 
we have calculated in the foregoing.” 

Finally it remains to consider to what extent the 
foregoing results are sensitive to the assumption of zero 
spin for the #. To explore this we have also considered 
the spin-1 case where there is no 2x°-decay. Instead of 

5) we now take H,=igo,[x*(dx/dx,)— (dx*/dx,)x ]. 
Here @, is the vector wave function, x the charged 


* See, e.g., J. S. Levinger, Phys. Rev. 84, 43 (1951). 

™See Brueckner, Serber, and Watson, Phys. Rev. 84, 258 
(1951) 

* The argument is not quite clean, because the probability for 
the absorption of the two pions by a single nucleon is divergent. 
However, if one, for lack of better methods, estimates the contri- 
bution up to the nucleon Compton wavelength it turns out that 
the effective interaction constant Gis has to be replaced by 
Gy *(1+log2M /u), which gives an additional factor that is at 
any rate not too big 
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pion field, x* its Hermitian conjugate. One obtains 


(=) (=~) “( 4y? —1 
cee ae ce —f{{t—-— J, 
Wen™ veetor Wen™ sealar M? M? 

where p is the momentum (~380 Mev/c) of the pion 
emerging in 1-mesonic decay. Thus the relative factor 
of vector to scalar ratio is ~2.7 which does not 
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materially change the situation. In the vector case, 
the ratio of 0- to 2-mesonic decay is increased by a 
factor (4M/M»)(1—4y?/M.*)"'~10. Thus, like the 
1-mesonic decay, the 0-mesonic mode gains in relative 
importance due to the stronger momentum dependence 
of H, in the vector case. Also in this case, w is still 
small compared to w®, We have not considered cases 
of higher spin. 
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Momentum measurements were made on the individual secondary particles emitted in the “outer’’ cone 
of the S-star. A lower limit to the momentum of the particles in the “inner” cone was obtained. The trans- 
formation from the laboratory system to the center-of-mass system can be made, using suitable approxi- 
mations, on the assumption that all charged secondaries are pions. This leads to a symmetrical angular 
and energy distribution with all particles included in a forward or backward cone of half-angle 20°. The 
results are compared with various multiple production theories. It is possible to infer that there is no more 
than one pair of particles of protonic mass among the secondaries and that even the presence of one pair 
would violate symmetry. The number of X-mesons must also be small. The methods of analysis should be 


useful on other events in this energy range. 


I. INTRODUCTION 


HE problem of analyzing stars caused by high- 

energy cosmic-ray particles in nuclear emulsions 
is, in general, quite complicated. However, if the 
incident particle is a nucleon and the target is a nucleon 
also, the analysis is considerably simplified since it is 
then possible to postulate bilateral symmetry in the 
center-of-mass system.’ Even in cases where the target 
nucleus is more complicated but where there is some 
evidence that the principal interaction was with a 
peripheral nucleon, it is possible to analyze the star on 
the basis of a nucleon-nucleon interaction since the 
energy transferred to the rest of the target nucleus 
may be negligibly small. It is possible to make a real 
distinction here between low and high energies. At low 
energies it is possible to have an appreciable fraction of 
the energy emitted from the “first nucleon-nucleon 
collision” in the form of secondary particles at relatively 
large angles. It is then quite probable that these 
secondaries will strike another nucleon inside the 
nucleus and that a nuclear cascade may develop. In 
the case of the very high energies (E,>10" ev), the 
secondaries from a given nucleon-nucleon collision are 
known to be very strongly collimated in the direction 
« Supported in part by the joint program of the U. S. Office of 


Naval Research and the U. S. Atomic Energy Commission. 
! Lord, Fainberg, and Schein, Phys. Rev. 80, 970 (1950). 


of motion of the incident nucleon, and hence it is quite 
possible that a collision with a peripheral nucleon will 
result in almost all the energy being transferred into a 
cone so narrow that it intersects no other nucleons, 
This is the same phenomenon which takes place in 
central collisions and produces the so-called “tunnel 
effect.’” A simple computation shows that peripheral 
collisions are rather probable if the target nucleus is a 
light nucleus of the emulsion (C, N, 0). 

A number of authors have presented stars of varying 
degrees of complexity with primary energies of the 
order of 10" ev or greater, generally with no possibility 
of analyzing the energy of the secondaries." 

In the present paper a careful analysis of the S star! 
is reported which illustrates the advantages of being 
able to measure the multiple scattering on several of 
the shower tracks. The S star is shown in Fig. 1. It 
occurred in a 200u Ilford G-5 emulsion flown at above 
90 000 feet for over 16 hours from Chicago, Illinois. 

The fact that the only two secondary tracks (B and 
C) which are not closely collimated (within 5° in space) 
with the original direction of the primary track are 
gray tracks indicates that only an insignificant propor- 


*F. C. Roesler and C. B. A. McCusker, Nuovo cimento 10, 
127 (1953). 

* Engler, Haber-Scheim, and Winkler, Nuovo cimento 12, 930 
(1954), contains references to earlier work. 
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tion of the original energy was transferred to the 
residual nucleus. It is thus reasonable to make an 
analysis on the assumption of a nucleon-nucleon colli- 
sion. It will be shown that the event has bilateral 
symmetry in the center-of-mass system which is then 
confirming evidence of the nucleon-nucleon character 
of the event. 

The energy of the incident singly charged particle 
(assumed to be a proton) has been determined previ- 
ously by a method which uses not only the information 
from the angular distribution but also the available 
information on the energy of the secondaries.‘ New 
measurements have been made on the multiple scat- 
tering and the energies of the secondaries have been 
re-evaluated. The re-evaluation of these energies does 
not change the previous estimate of the primary energy. 

The angles and energies of the individual secondary 
particles are calculated in the center-of-mass system of 
the colliding nucleons. The details of this analysis are 
described in Sec. II. This is important since it is 
possible to draw from this analysis some conclusions 
about the character of the secondaries. 

The main interest of the present analysis is to indicate 
that it would be very profitable to investigate in greater 
detail the mechanism of collisions at these very high 
energies. It is of importance at the present time to 
learn something more of the nature of the collision 
process and of the secondaries produced. The first is of 
fundamental interest since it may indicate whether 
present theoretical attacks on the problem are likely to 
be fruitful. In particular, it should throw light on the 
validity of the statistical theories of the high-energy 
collisions. The second is of interest since it is important 
to determine the role of heavy mesons and of nucleon- 
antinucleon pairs in high-energy collisions. If heavy 
mesons are really elementary particles and are strongly 
coupled to the nucleon then one would expect their 
probability of production, relative to pions, to approach 
approximate equality at these high energies. If these 
mesons are merely composite states of other funda- 
mental particles, this conclusion would not necessarily 
hold.* Certainly, if nucleon-antinucleon pairs can be 
produced at all, one would expect to see them in 
collisions of this energy.* Finally these collisions should 
provide evidence on the interaction between free 
mesons; since mesons in the meson cloud around the 
nucleon extend far enough and since due to the Lorentz 
contraction of the cloud the collisions are of such short 
duration, some of the collisions, at least, are effectively 
meson-meson collisions. 

Il. TRANSFORMATION FROM LABORATORY TO 

CENTER-OF-MASS SYSTEM 

The formulas tor the Lorentz Transformation can be 

conveniently applied to the analysis of high-energy 





*R. G. Glasser and Marcel Schein, Phys. Rev. 90, 218 (1953) 

*G. Cocconi, Phys. Rev. 93, 1107 (1954) 

* See Proceedings of the Duke University Conference on Cosmic 
Rays, December, 1953 (unpublished), Session I. 
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stars in the following form: 
E;=7y(E/ —8P{‘c cos6,/), (1) 
P; cos6;=(P{ cos0,—BE/'/c), (2) 
(3) 


where E£;, P;, and 6, are the energy, momentum, and 
angle with the direction of motion, respectively, of the 
ith particle and primed quantities are in the laboratory 
(L) system of coordinates, unprimed in the center-of- 
mass (C) system of coordinates. As usual, ¢ is the 
velocity of light, 8c the relative velocity of the C and 
L systems, and y=(1—§*)~!. Dividing (3) by (2), 
one gets the transformation for angles: 


P; siné;= P/ siné/, 


tané,’ 
(4) 


tané;= , 
yl1—8(E,'/P;’c) sec,’ } 

In the discussion of these formulas, we will find it 
useful to introduce the following dimensionless quanti- 
ties which will generally be very small compared to one: 


5s= 1-8, (5) 
6e;= (E//P/c)—1, (6) 
50;= 1—cos6,’. (7) 


Introducing these quantities into Eqs. (1) and (4), 
the following expressions can easily be obtained: 


E,=yE/(1— (1—53) (1—60,)/(1+88,) J, (8) 
tan6;= tand,’ /y[1— (1—53)(1+468,)(1—d0;)". (9) 


Under the assumption that one can neglect 6s, 5e;, and 
5g, and all products of these compared to one, (8) and 
(9) reduce to: 


(10) 
(11) 


E;=7yEj/ (63+60;+-6,), 
tané;= tan6/ /[ -y(ds—5#;—6e,) }. 


These formulas are in a convenient form to derive the 
energy and angle in the C system from the measure- 
ments in the L system for the high-energy collisions we 
are treating. 

The assumptions that these quantities, 5s, 50;, 52, 
are small compared to one will be briefly discussed. If 
6s is small compared to one, this means that the relative 
velocity of the C and L systems is nearly equal to that 
of light and hence corresponds to a very high-energy 
primary. To the same order of accuracy as is used in 
neglecting 43 compared to one, we can derive from (3) 


and the definition of 7: 
bg~ 1/27’. (12) 


The smallness of 5e; means that the laboratory angle 
is itself very small, and hence we can write from (7): 


50;~0'/2. (13) 


If 5z; [in (6)] is small compared to one, this means 
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that the laboratory energy of the secondaries is high. 
In this case we can write: 


be;~4(M/E/). (14) 
The conditions that 5s, 5e,, 6z;, be small compared to 
one are well fulfilled in some high-energy stars as will 
be shown in the next section. 


Ill. ANALYSIS OF THE S STAR 


The energy of the primary proton of the S star has 
previously been determined by the quartile methed.‘ 
This method is valuable for stars where some multiple- 
scattering data is available, since it makes use of this 
information which can greatly affect the energy determi- 
nation. In the determination of the primary energy, 
it was assumed that all the secondaries are pions. The 
energy estimate would not be affected appreciably if a 
few of the secondaries had heavier mass. The energy 
was shown to be (27)'$3)X 10" ev. 

The secondary tracks of the S star have been meas- 
ured on the precision scattering stage in this laboratory. 
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Tas e I. Transformation from L-system to C-system for three values of . y= 100 is the most probable value. Auxiliary quantities 


have been included also for y= 100 to illustrate their magnitude. 
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The p@ of the tracks in the outer cone (Fig. 1, tracks 
1-4, 11-15) was measured directly by using the sagitta 
method of multiple scattering. The multiple scattering 
was definitely above noise in the largest cell length 
used on each track. The energies quoted should be 
accurate within a factor of two. 

For the fast tracks of the inner cone (tracks 5-10), 
a track-to-track measurement of the multiple scattering 
was made. This method is the only one which can be 
used on these very fast tracks since it eliminates the 
small emulsion distortions and stage motion which 
contribute to the noise. This showed definite scattering 
on one of the tracks (track 8). But the other five all 
showed no scattering sagitta as large as 250 A, which 
was the limit of detection for the track position, in the 
8000 observable track length. This corresponds to a 
p8 value of over 250 Bev/c for these tracks. They were 
treated in the rest of the computations as though this 
lower limit were a true, measured value. 

Since scattering measurements are thus available on 
all but the fastest tracks, it is possible to apply the 
analysis outlined in the preceding section to this event. 
For the purpose of this computation, all particles have 
been assumed to be pions. The calculations have been 
carried through for values of y=100(E,=2X10" ev), 
y=125 (E,=3.1X10" ev), and y=75 (E,=1.110" 
ev). Table I gives the results of this calculation for 
y= 100. The results of the energy-angle correlation in 
the center-of-mass system for all three values of 7 are 
shown in Fig. 2. 

It should be noted that the points marked with 
crosses in Fig. 2 and for which it is possible to obtain 
only a lower limit to the energy by scattering measure- 
ments are relatively insensitive to the actual energy 
determination. That is, a change in the -system energy 
does not affect the C-system angle, as can be seen from 
Table I. This is in distinction to the situation for the 
slow particles in the outer core where a change in 
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measured energy affects both the C-system angle and 
energy. 

Two facts show up very clearly in Fig. 2. One is that 
the shower particles are clearly divided into two cones 
of half-angle approximately 20°. The fact that the 
forward cone contains six charged particles and the 
backward cone nine, is presumably due merely to 
statistical fluctuations.’ The other fact is that the 
points plotted as crosses (for which only a lower limit 
to the energy was measured) corresponding to fast 
particles in the forward cone are probably very nearly 
at that lower limit, since if one assumed the actual 
energy were much higher the symmetry would be 
completely destroyed, although one would expect sym- 
metry in such a nucleon-nucleon collision. This would 
seem to be supported by the fact that the one track in 
the forward cone whose energy is measured has an 
energy of the same order of magnitude as this lower 
limit. 

The average energy of the secondaries in the back- 
ward cone is 0.84 Bev, 1.2 Bev, or 1.4 Bev for y=75, 
100, or 125, respectively. Since symmetry between 
forward and backward cones should prevail, this can 
be considered as the best estimate of the average energy 
of all the secondaries. We observe fifteen charged 
secondaries; if we add one-half of this number for the 
neutral secondaries, the total energy carried away by 
the secondaries is about 25 Bev in the C-system. This 
should be compared with the total available energy in 
the C-system for the most probable value of y (y= 100) 
which is 200 Bev. On the basis of this comparison we 
conclude that only about one eighth of the available 
energy is transferred to the secondaries in this collision. 
It should be emphasized that this conclusion is based 
on the assumption that the average energy of the 
neutral particles is the same as the energy of the charged 


7 In the original publication (reference 1), track number 4 was 
placed in the forward cone since its energy was estimated to be 
much higher than the value now believed to be correct. 
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pions as derived above, which in turn depends on the 
assumption of symmetry with respect to the plane 
perpendicular to the direction of motion of the primary. 

These conclusions depend also on the identity of the 
charged particles which were assumed to be pions. If 
the assumption as to the nature of some of the particles 
were changed by assuming that they have mass M 
different from M,, the principal effect would be to 
change 6; by the factor M?/M,? as can be seen from 
(14), since the L-system energy is high enough that the 
measurement by multiple scattering can be considered 
a measurement of EZ’. If one assumes that some of the 
particles are of K-meson mass (about 1000 m,) this 
factor is 13.3, and if one assumes particles of nucleonic 
mass it is 45. We will consider the effects with the 
estimate that y=100. The assumption that some of 
the particles are of K-meson mass would not affect the 
previous computations for the high energy forward 
particles (No. 5-7, 9-10 of Fig. 1) by more than five 
percent, but would for instance mean that if particle 
No. 8 were a K-meson instead of going at 20° with an 
energy of 0.3 Bev in the C-system, it would have been 
going at 100° with an energy of 0.5 Bev, an angle at 
which no pions are found according to the previous 
analysis. For the particles in the outer cone, this 
assumption would mean that they will be going almost 
straight backward in the C-system and with greatly 
increased energies. For example, we find that if particle 
No. 4 had K-meson mass it would be located in Fig. 2 
at 179.5° instead of 170.0° with an energy of 2.4 Bev 
instead of 0.21 Bev, while all the others would have 
much higher energies. 

In case one assumes some of the particles to be of 
nucleonic mass, the same qualitative features are ob- 
served but greatly intensified; there would even be a 
small effect on the high-energy particles in the core, 
while the effect on the particles in the backward cone 
would be extremely large, giving energies up to 45 
times that already estimated and all angles essentially 
backward (180°). Thus the assumption of more than 
one or two of the secondary particles being of either 
K-meson or nucleon mass would appreciably disturb the 
symmetry, since the forward cone is affected only 
slightly while the backward cone is completely dis- 
torted. The only theoretical possibility of restoring this 
symmetry approximately would be by making the 
radical assumption that essentially all of the secondaries 
were of a higher mass and as a consequence that the 
primary energy was appreciably lower. There is con- 
siderable evidence that pions are produced in these 
high-energy collisions since they can sometimes be 
identified and since the large number of electron pairs 
can best be explained by neutral pions. Therefore, this 
would not seem to be a reasonable assumption. 


IV. DISCUSSION 


Under the assumption that all the charged particles 
are pions, the energy and angular distributions in the 
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C-system show the following characteristic features: 
(1) symmetry under reflection in the plane perpen- 
dicular to the primary direction; (2) all the charged 
particles are included in two cones, one backward and 
one forward, of half-angle approximately 20°; (3) the 
average energy of the charged particles is between 0.8 
and 1.4 Bev; (4) the energies of the individual particles 
are not much different from the average. 

Theories of multiple meson production have been 
presented by Heisenberg,* Wataghin,’ Oppenheimer 
ef al.," Fermi,” Landau," and Bhabha." A comparison 
of the experimental facts presented in this paper can 
be made with the theories of Fermi, Heisenberg, and 
Landau. All these theories predict symmetry in the 
C-system. All of them predict the “two-cone effect,” 
although for different reasons. One of the essential 
differences is that Fermi’s theories would predict a 
much higher average energy (about 10 Bev) in the 
C-system for a primary energy of 2X 10* Bev since the 
available energy is about 200 Bev and the number of 
particles is about 25. On the other hand, Heisenberg’s 
calculations on the S-star predict an average energy of 
about 1 Bev in the C-system in agreement with the 
observed values in the backward cone if the elasticity 
parameter (which he calls y in his work) is about 8 (a 
value which would also be in agreement with our 
multiplicity on his theory). The two-cone effect in 
Landau’s theory is explained by the evaporation of 
particles from a comparatively flat surface. He gets an 
average angular spread of about 15° which fits well 
with our observations. The typical pion energy in his 
theory is also in general agreement with what we find, 
although he predicts the existence of some particles 
with extremely high energies, which however we have 
not observed. 

If heavy mesons exist among the secondaries, then 
the average energy in the C-system would be somewhat 
higher. On the assumption of approximate equipartition 
of energy, one can say that only those particles which 
show up as low-energy pions in Fig. 2 could be heavy 
mesons since, for example, those which appear to be 
above 1 Bev considered as pions would turn out to 
have energies above 5 Bev considered as K-mesons 
and would thus have energies well above those of the 
pions. Since, as stated previously, the angles in the 
forward cone are relatively insensitive to mass while 
the angles in the backward cone are very sensitive, we 


*W. Heisenberg, Z. Physik 101, 533 (1936); 113, 61 (1939); 
126, 569 (1949); Naturwiss. 39, 69 (1952). 

*G. Wataghin, Phys. Rev. 63, 137 (1943). 

” Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127 
(1948). 

" H. W. Lewis, Revs. Modern Phys. 24, 24 (1952), contains 
also references to other theoretical work. 

"E. Fermi, Progr. Theoret. Phys. Japan) 5, 570 (1950); 
Phys. Rev. 81, 683 (1951); eprtre P ‘articles (Yale University 
Press, New Haven, 1951), 

“LD. Landau, Akad. 1 sag S.S.S.R. (Ser. Fiz.) 17, 51 ov 
The authors are indebted to Dr. M. Hammermesh of Argonne 
National Laboratory for his translation of this article. 

“H. J. Bhabha, Proc. Roy. Soc. (London) A219, 293 (1953). 
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cannot rule out K-mesons in the forward cone ; however, 
we can safely assume that not more than one or two of 
the particles in the backward cone could be K-mesons. 

For proton-antiproton pairs or hyperons, the same 
argument holds, only with much greater strength. If 
any of the particles in the backward cone is of protonic 
mass, then it is at a radically different energy (about 
45 times higher) than all the pions and in addition is 
emitted essentially straight backward in the C-system. 
It is thus probable that none of these secondaries are of 
nucleonic mass on an assumption of approximate equi- 
partition. Even if one does not assume equipartition, 
if more than one of the charged secondaries in each of 
the two cones were of protonic mass the total energy of 
these particles would already be the total available 
energy in the C-system, which would then leave no 
energy for the charged pions or for the neutral particles, 
and is thus not possible. This makes us believe that if 


nucleon-antinucleon pairs or hyperons are produced in 
collisions similar to the S-star, their number must be 
at most about 10 percent of all charged particles. If 


such particles are produced at these energies, they 
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certainly are not in equilibrium with the pions and 
statistical theories based on equilibrium cannot be 
applied. 


Vv. CONCLUSIONS 


(1) Direct momentum measurements on the S star 
have yielded the energy and angular distributions in 
the C-system, assuming all particles to be pions. 

(2) The bilateral symmetry appears to be well verified 
for the angular distribution and is consistent with the 
energy distribution. 

(3) The average energy of the pions in the C-system 
is close to 1 Bev. 

(4) All the observed particles are emitted in the 
C-system within two cones of half-angle 20°. 

(5) The number of particles of protonic mass created 
in the collision is at most two and most likely none, 
on the assumption of equilibrium. 

(6) The results appear consistent with either Heisen- 
berg’s or Landau’s theory. 

(7) In this collision, if all secondaries are pions, the 
visible energy is small compared to the available energy 
in the C-system. 
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A systematic search has been made for events which appear to 
be due to the disintegration of a hyperfragment ; that is, a nuclear 
fragment which contains a bound unstable particle. A total of 
20 000 3-Bev proton stars and 500 1.5-Bev +~-meson stars from the 
Brookhaven Cosmotron were studied as well as 9000 cosmic-ray 
stars. Twenty-one events which are interpreted as hyperfragments 
were found in the proton plates, seven in the cosmic-ray plates and 
one in the x-meson plates. Of the 29 disintegrations, a x meson was 
ejected in only two cases and a K-meson in one event. In the 
remaining 26 disintegrations, only nuclear particles were emitted. 
The charge and energy distributions, as well as the angular 


distribution of the hyperfragments, have been measured. In four 
cases the energetics of the decay strongly indicate that the bound 
unstable particle was a A° particle. The binding of the A® particle 
was measured in these cases. In two additional cases the minimum 
energy release was significantly greater than the decay energy of a 
A®° particle but possibly consistent with the decay energy of a 
charged hyperon. In one case a negative K-meson was ejected 
from a secondary star. It is impossible to determine whether this 
secondary star was due to a fragment disintegration or the nuclear 
capture of a stopped particle. This event cannot be explained in 
terms of established unstable particles. 





I. INTRODUCTION 


N 1952, a very unusual event was reported by Danysz 
and Pniewski' in which a nuclear fragment, from a 
cosmic-ray star, stopped in the emulsion and subse- 
quently disintegrated with an energy release of 140 to 
180 Mev. Two possible explanations for the event were 
given. It was suggested (1) that the fragment may have 
contained a negative x meson in an orbit around it and 
that after the fragment stopped the negative x meson 
was absorbed, or (2) that the fragment may have con- 
tained a bound A° particle which disintegrated after the 
fragment stopped in the emulsion. 

Similar events have been reported by various in- 
vestigators.?~"* In a few favorable cases the energy re- 
lease from the disintegration of the fragment was found 
to be very close to the decay energy of the free A° 
particle.'® From the energetics of the disintegration, an 
estimate of the binding energy of the A° particle in the 
fragment was obtained, and in these cases the binding 
was found to be comparable to or less than that of a 
neutron in a similar stable nucleus. 

The excited fragments of low Z appear to decay with 


* Supported in part by the Graduate School from funds supplied 
by the Wisconsin Alumni Research Foundation. 

!M. Danysz and J. Pniewski, Phil Mag. 44, 348 (1953). 

? Tidman, Davis, Herz, and Tennent, Phil. Mag. 44, 350 (1953). 

+ J. Crussard and D. Morellet, Compt. rend. , 64 (1953). 

‘ Lovera, Barbanti, Silva, Bonacini, DePietri, Perilli, Fedeli, and 
Roveri, Nuovo cimento 10, 986 (1953). 
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* Freier, Anderson, and Naugle, Phys. Rev. 94, 677 (1954). 
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(1954). 
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4 A. Solheim and S. O. Sorenson, Phil. Mag. 45, 1284 (1954). 

1 Naugle, Ney, Freier, and Cheston, Phys. Rev. %6, 1383 
(1954). 
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the emission of a # meson while heavier fragments 
undergo nonmesonic decay. Cheston and Primakoff 
postulated that the nonmesonic decay may be the result 
of the stimulated decay of the A° particle in the nuclear 
fragment and calculated the ratio of mesonic to non- 
mesonic decay.'’ In several cases there is good evidence 
that the nuclear fragment stopped before it disinte- 
grated, and therefore a lower limit to the lifetime of a 
bound A° particle was found. The data showed that even 
in nuclei containing as many as 10 nucleons, the life- 
time, in comparison to that of the free A° particle, was 
not shortened by many orders of magnitude. 

Following a suggestion of M. Goldhaber, we propose 
to call a nuclear fragment containing a bound hyperon 
or some other unstable particle, a hyperfragment, and in 
specific cases we shall use the normal symbol for the 
nucleus with a subscript designating the type of hyperon 
that is bound in it; viz., a A° particle bound in a Be’ 
nucleus would be designated as ,Be’. 

It seemed worthwhile to make a systematic search for 
hyperfragments in order to obtain additional informa- 
tion on the interaction of the A® particle in various 
nuclei. Although the observed energy release in many 
cases was found to be very close to the expected value 
from the decay of a bound A° particle, in other cases the 
data did not exclude other mechanisms. For example, in 
many events the total energy release cannot be esti- 
mated and may have been considerably greater or less 
than the expected value from a bound A° particle. In 
fact, three disintegrations have been found in the course 
of the work described in this paper, where the decay 
energy is significantly greater than ‘the free decay 
energy of the A® particle. 


IL PROCEDURE 
A. Exposures 


Since the most favorable mechanism for the produc- 
tion of hyperfragments was not known, it was decided to 
expose plates to various sources of high-energy particles. 


‘7 W. Cheston and H. Primakoff, Phys. Rev. 92, 1537 (1953). 
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Pellicle stacks and glass-backed plates were exposed 
to cosmic radiation in several skyhook balloon flights by 
the Air Force from Holloman, New Mexico. The flights 
ranged from 4 to 12 hours above 90 000 feet. 

Groups of plates and pellicles were exposed to 3-Bev 
protons from the Brookhaven Cosmotron. The intensity 
of the beam was reduced by a factor of approximately 
10° in comparison to the normal operating intensity of 
the machine, which gave a track density in the plates of 
about 10° particles per cm’ 


Taswe II. Characteristics of hyperfragment stars. 
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Emulsions were also exposed to the external 1.5-Bev 
x~-meson beam from the Cosmotron. The flux density 
in these plates was quite low and therefore less time was 
spent investigating the x-meson stars. 


B. Selection Criteria 


The emulsion was area-scanned for stars under a low 
magnification (60 to 100). After a star was found, the 
gray and black tracks were followed until they either 
left the emulsion or stopped. Connected stars were then 
studied under a higher magnification. 

Many double stars were found which were connected 
by a gray or black track. In many cases it could be 
shown that the secondary star was due to a collision of 
the particle from the primary star with the nucleus of an 
atom in the emulsion. 

The following criteria were used to eliminate events 
which were not hyperfragments. In several cases the 
total charge of the particles from the secondary star was 
greater than the charge of the connecting particle, 
clearly indicating that the secondary star was produced 
by a collision and not by the disintegration of the 
fragment. In other events, 6 rays were observed along 
the connecting track very near the secondary star, 
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indicating that the connecting fragment did not come to 
rest before producing the star. The ionization along the 
connecting track, in many events, clearly indicated that 
the secondary star was the result of a collision. It is 
possible that a nonmesonic decay in flight of a hyper- 
fragment may have been misinterpreted as a collision, 
although the number of such cases is undoubtedly 
small. The mesonic decay in flight of a hyperfragment 
should be easily detected. No such events have been 
observed.” 

Occasionally, very slow negative x mesons are ejected 
from the primary stars and cause secondary stars. These 
can be identified by the large amount of multiple 
scattering near the r-meson star and occasionally by the 
presence of “Auger” electrons associated with the 
secondary star. 


Ill. EXPERIMENTAL RESULTS 
A. General Features 


A total of 9000 stars were observed in the plates ex- 
posed to cosmic rays; 20000 in the plates exposed to 
3-Bev protons and 500 caused by 1.5-Bev negative r 
mesons. The frequency of occurrence of hyperfragments 
is summarized in Table I. 

The expected frequency of hyperfragments has been 
calculated by Jastrow'* and found to be 2.5 10~*. The 
experimental value is somewhat lower (~10~*). 

Table II gives the general characteristics of the con- 
nected stars which appear to be the result of the decay 
of hyperfragments. An estimate of the total charge from 
the secondary stars is given in column 6. In events 1, 4, 
5, 27, the Z of the fragment could be estimated from the 
characteristics of its track, namely from the thin-down 
and 6 rays. The Z of the fragment, in these cases, is 
found to be consistent with the total Z from the 
secondary star. In the remaining cases, the track of the 
fragment is so short that an estimate of the charge can- 


MESONIC DECAY 


C] NONMESONIC DECAY 





NO. OF EVENTS 








z oO 


Fic. 1, Charge distribution of hyperfragments. In most cases the 
charge of the fragment was getermined from the total charge from 
the secondary star. . 


1 Robert Jastrow, Phys. Rev. 97, 181 (1955). 
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Fic. 2. Angular distribution of the hyperfragments, with respect 
to the incoming charge particle. 


not be made. However, it seems reasonable to assume 
that the Z of the fragment is equal to the total charge of 
the particles from the secondary star. It is difficult, if 
not impossible, to determine the Z of a particle which 
produces a short track ; hence the values given in column 
6 may be in error by +1 in some cases, and in a few 
cases the value is only a lower limit. The charge 
distribution of the hyperfragments is summarized in 
Fig. 1. 

In those cases where the incident charged particle 
which produced the primary star could be identified, the 
angle was measured between the direction of the 
hyperfragment and the incoming particle. The results of 
the angular measurements are shown in Fig. 2. There is 
a strong tendency for the hyperfragments to be ejected 
in the forward hemisphere. This is probably due to the 
production of the A° particle in the forward direction'*-” 
as well as the tendency for ejection of nuclear fragments 
in the forward direction. 

The energy distribution of the hyperfragments, at the 
time of ejection from the primary star, is shown in 
Fig. 3. 

A measure of the kinetic energy of the charged 
particles from the secondary star is given in column 7 of 
Table LI. Tracks which were produced by a particle of 
charge 1 were assumed to be protons in the evaluation of 
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” Fretter, May, and Nakada, Phys. Rev. 89, 168 (1953). 

® The range-energy relations of Wilkins were used. J. J. Wilkins, 
Atomic Energy Research Establishment Report, Harwell G/R664 
(unpublished) 
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Taste III. Characteristics of secondary stars. 
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the energy. The energy of the particles which produce 
short recoil tracks is negligibly small and therefore the 
assignment of their charge and mass are unimportant in 
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Fic. 4. Photograph of event 1. The secondary star B has two 
outgoing particles, tracks | and 2, which stop in the emulsion. 
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an estimation of the total energy of the charged 
particles. For the above reasons, the quantities given in 
column 7 of Table II may be slightly low. 

The range and the nature of each particle from the 
secondary stars are given in Table III. Tracks shorter 
than about 10 microns were assumed to be nuclear 
recoils, and no attempt has been made to identify them 
or to estimate their energy except in events where their 
nature was suggested by a consideration of the con- 
servation of energy and momentum. 


B. Detailed Description 


A comparatively small number of hyperfragments 
have been reported which yield detailed information of 
the A° particle interaction with nuclei. For this reason it 
seems worthwhile to describe in some detail those events 
from which important information is derived. 


Event 1 


Event 1 was found in a plate exposed to cosmic rays 
and has been described in considerable detail else- 
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where,” and therefore only a brief summary of the 
salient features will be given here. A photograph of the 
event is shown in Fig. 4. The track of the fragment is 55 
microns long. The small-angle scattering and the ab- 
sence of 6 rays along the track near the secondary star 
indicate that the fragment stopped before it disinte- 
grated. From the thin-down along the track of the 
hyperfragment, the charge was found to be greater than 
1 and less than 6. The secondary star consists of only 
two tracks (tracks 1 and 2 in Fig. 4) which end in the 
same plate. A 6-ray tount along tracks 1 and 2 shows 
that the charge of each particle was 2. The mass of the 
particle which produced track 1 was found to be 4 with 
15 to 1 odds. The mass of the particle which produced 
track 2 was found to be either 3 or 4. The mass of both 
particles was determined from the intercept of the 6-ray 
number vs residual range curve. 

The energy of particles 1 and 2 is 105 Mev if track 2 is 
assumed to have been produced by an alpha particle. If 
particle 2 is assumed to be a He’ nucleus the energy is 99 
Mev. Assuming that the residual momentum from 
particles 1 and 2 was carried away by a single neutron, 
the energy of the neutron is found to be 71 Mev. In this 
case the disintegration schemes can be written as 
follows: 

aBe’—>He'+ He'+"+Q,, (1) 
or 


aBe*—He'+ He*+2+(2. (2) 


The total kinetic energy of the reaction products is 
found to be, for reaction (1), 0:=176+3 Mev; and for 
reaction (2), Qe=170+3 Mev. These values can be 
compared with the decay energy of the free A° particle, 


A°>p+2-+0;, (3) 


where 0;=36.9+0.22 Mev.'* If the x meson is ab- 
sorbed, the total energy available from the decay is the 
rest mass of the meson plus the decay energy minus 
the neutron-proton mass difference (Q=139.5+36.9 
—1.3=175.1+0.5 Mev). 

An energy level diagram for the decay of the hyper- 
fragment ,Be’ is shown in Fig. 5. Reactions involving 
two neutrons are possible but improbable from phase 
space considerations. 

The close agreement of the energetics of the ,Be* or 
aBe® decay with the expected value, shows that the star 
was caused by the nonmesonic decay of a bound A° 
particle. The binding energy of the A° particle in ,Be’ or 
aBe® was found to be —0.74+3 Mev or 3.243 Mev 
respectively. Although Be* is unstable against alpha- 
particle emission, ,Be* may be stable against He‘ 
+ ,He* emission. An energy level diagram of Be* and 
aBe® is shown in Fig. 6. It is clear that ,Be* will be 
stable against He'+,He* emission if By (in ,Be*) 
> By (in ,4He*)— 1.6 Mev. Measurements on the binding 
in sHe* 7-5" give By (in 4He*) = 3.2 Mev. Thus the sta- 


% Baldo, Belliboni, Ceccarelli, Grilli, Sechi, Vitale, and Zorn 
(private communication, Padua, 1954). 
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Fic, 5. Energy-level diagram of ,Be* and Be®. By, is the binding 
energy of a A® particle in ,Be*. By is the binding energy of a 
neutron in Be’. 


bility condition for ,Be* becomes By, (in ,Be*)>3.2—1.6 
1.6 Mev. The binding energy of 3.2+3 Mev obtained 
from the assumption that the hyperfragment was ,Be* 
is not inconsistent with this condition. It is significant to 
note that the binding of a A° particle is not large in a 
nucleus as heavy as beryllium. 


Event 2 


The hyperfragment was found in a cosmic-ray plate. 
The track of the fragment is 19 microns long and is 
deflected through a large angle near the end. Since a 
large-angle scattering is improbable for a particle of 
high velocity, it is probable that the fragment stopped 
before it gave rise to the secondary star. An estimate of 
the charge of the fragment cannot be made because the 
track is very short. The three tracks from the star are 
coplanar within the limits of measurements (+2 
degrees). A projection drawing of the event is shown in 
Fig. 7. Tracks 2 and 3 end in the emulsion. Track 1 
ieaves the emulsion after 2200 microns. Track 1 was 
identified as due to a proton from grain density and 
multiple scattering measurements. The energy of the 
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Fic. 6. Energy level diagram of ,Be* and Be’. If the binding 
energy of the A° particle in 4Be* (B,) is greater than 3.2~—1.6, a 
aBe* nucleus will be stable against emission of He*+-,He* 
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Fic. 7. The disintegration of a C" into a proton, He® and a 
Li’ is shown above (event 2) 


proton was determined from the grain density and was 
found to be 103-11 Mev. Tracks 2 and 3 could not be 
identified directly from their characteristics, however 
the Z of the particle was estimated to be greater than 
one in both cases. 

The coplanarity of the three tracks strongly suggests 
that only these particles were involved in the disinte- 
gration of the hyperfragment. If a neutron was emitted 
perpendicular to the plane of the three tracks, its energy 
would be at most 0.1 Mev. Since the energy release is 
high it seems very improbable that such a slow neutron 
was emitted. The component of the momentum perpen- 
dicular to the proton should be zero; therefore the as- 
signed mass and charge of particles 2 and 3 must be such 
as to satisfy this requirement. For a given assignment, 
the energy can be found very accurately from the range. 
If track 2 is assumed to be due to Li’ (E= 17.5 Mev) and 
track 3 to be due to He’ (E= 26 Mev), the momentum 
balance in the direction perpendicular to the proton 
track is 2+ 10 Mev/c which is very small in comparison 
to the large value for the momentum of the Li and He 
particles (~400 Mev/c). No other choice of stable 
nuclei for particles 2 and 3 satisfies the requirements of 
momentum balance. For example, if particle 3 is as- 
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Fic. 8. Energy-level diagram of 4C™ and C™ and the 
disintegration products. 
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sumed to have a mass of 4 instead of 3, the perpen- 
dicular momentum is found to be 60 Mev/c, which could 
easily have been detected because the momentum 
unbalance arising from measurements of angles and 
ranges is estimated to be at most 15 Mev/c. A further 
check on the assignment of particles 2 and 3 can be 
made from a comparison of the momentum of the 
proton, obtained from grain counting, with the parallel 
momentum component of particles 2 and 3. The parallel 
component of particles 2 and 3 is 452414 Mev/c which 
is to be compared with the value of the momentum of 
the proton which is 450+34 Mev/c. The energy of the 
proton can be determined more accurately from the 
momentum baiance than from grain counting. It is 
104+6 Mev. The total energy from the star is then 
(104+-17.5+ 26) = 147.546 Mev. The energy-level dia- 
gram for ,C" is shown in Fig. 8. 

The close agreement of the energy from the fragment 
disintegration with the expected value from ,4C" con- 
firms the assumption that the fragment contained a 
bound A° particle. The binding energy of the A° particle 
was found to be 13.046 Mev. 

The visible energy release of 147+6 Mev suggests 
that the secondary star might have been due to the 
absorption of a negative meson which was trapped in 
an orbit about the fragment and was absorbed after the 
fragment stopped.' Such a reaction was investigated by 
making various assumptions for the identity of the 
fragment and the particles from its disintegration. In all 
cases the observed kinetic energy of the particles, plus 
the energy needed to account for the difference in the 
mass of the initial and final nuclear products, was found 
to be significantly greater than the rest energy of a 
x meson. Therefore this interpretation can be excluded. 


Event 3 


The primary star was produced by a 3-Bev proton 
from the Cosmotron accelerator and was found in a 
1000-micron glass-backed plate. The range of the 
hyperfragment is only 8 microns and therefore no infor- 
mation can be obtained from its track. The secondary 
star has three prongs. A projection drawing of the event 
is shown in Fig. 9. Track 1 stops in the emulsion after 
75.4 microns and appears to have been produced by an 
alpha particle. Track 3 is 262 microns long and the 
absence of 6 rays along it implies that the charge of the 
particle was one. Multiple-scattering measurements, 
using the constant sagitta method,” indicate that it 
was a proton. The probability that the track was pro- 
duced by a deuteron is about 23 percent, whereas the 
probability of it being a triton is small (about 9 percent). 
Track 2 leaves the emulsion after 2300 microns and was 
followed into the adjacent plate. Multiple scattering and 


® Biswas, George, and Peters, Proc. Indian Acad. Sci. 38, 418 
(1953). 

* Dilworth, Goldsack, and Hirschberg, Nuovo cimento II, 113 
(1953). 
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grain counting identify the particle as a proton. The 
grain density gives a value of 98.5+8 Mev for its energy. 
The vector addition gives for the momentum of these 
three charged particles, 31827 Mev/c (assuming track 
3 to be a proton), clearly indicating that one or more 
neutral particles were involved in the disintegration. Of 
course it is impossible to determine the number of 
neutrons involved, but it seems worthwhile to assume 
that only one neutron was emitted and see if the 
energetics are consistent with the decay energy of a 
bound A?° particle. The total charge from the secondary 
star is 4 therefore we assume that the fragment was an 
isotope of beryllium. If we assume that track 3 was 
produced by a proton, the reaction can be written as 
follows: 
asBe’—He'+ p+ p++. (4) 


Q, was found to be 169.7+8 Mev. From the energy 
diagram for this reaction, Fig. 10, the binding energy of 


Fic. 9. A drawing of two connected stars. The primary star is 
indicated by the arrow A ; the secondary star by arrow B. A fast 
proton is ejected from the secondary star (track 2). The initiating 
3-Bev proton track is indicated by the arrow P. 


the A° particle is found to be 5.948 Mev. 
The following alternative reactions have been con- 
sidered : 
sBe*—He'+ p+d+n+0Qs, (5) 


,Be’—He’+ p+d+n+(z. (6) 


(Qs was found to be 179.248 Mev and Q was found to be 
20348 Mev. The binding of the A° particle is then 
—10.64-8 and —45+8 Mev respectively. The negative 
values for the binding energy excludes reaction 6 and 
probably reaction 5. 

The close agreement of the 0 value from reaction 4 
with the expected value suggests that this interpretation 
may be correct. It should be borne in mind that two 
neutrons might have been involved and that the above 
agreement may be fortuitous. 
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Q= 169.726 





Fic. 10. The appropriate energy levels for the decay of ,Be’. 


Event 4 


The initial star was produced by a 3-Bev proton. The 
connecting track is 77 microns long and exhibits a 
measurable amount of multiple scattering near the end. 
There are no measurable 6 rays along the track. The 
small-angle scattering indicates that the particle was 
traveling slowly and that it probably stopped before 
producing the secondary star. The scattering along this 
track is consistent with a He’ or a He* nucleus but the 
statistics are so poor that other nuclei of charge 1 or 2 
cannot be excluded. 

The secondary star consists of two tracks which are 
226 and 6 microns long. A projection drawing of the 
event is shown in Fig. 11. The multiple scattering of 
track 2 is indicative of a proton mass although a 
deuteron is possible but less likely. Track 1 is too short 
to be identified directly. The secondary star could not 
have been produced by a scattered proton because the 
short recoil track is in the backward direction. 


Fic. 11. A small 2-prong secondary star which was produced by 
a particle from a 3-Bev proton star. The incoming proton track is 
indicated by the arrow P' The short track from the star 
is indicated by the arrow. 
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Fic. 12. Energy level diagram for the mesonic decay of ,He*. The 
drawing is not to scale. The ,4He* diagram is very similar. 


The small amount of kinetic energy from the second- 
ary star suggests that if a A° particle were bound in the 
fragment, most of the energy was carried away by a 
x” meson, corresponding to the free decay of the A° 
particle, 

A°—n+9°+07. (7) 


In fact, the energetics strongly support this hypothesis’ 
If track 1 is assumed to be due to a deuteron and 2 a 
proton, the residual momentum is found to be 93+1.6 
Mev/c which gives 294+1 Mev for the energy of the 
x meson and a total energy release of 35.521 Mev for 
the reaction 


sHe—+p+-d+9°+(y. (8) 


The binding energy of the A° particle is found to be 
5.941 Mev. The energy-level diagram is shown in 
Fig. 12. 

An alternative decay scheme is also possible. If track 1 
is assumed to have been produced by a triton, the 
residual momentum is found to be 94+1.6 Mev/c and 
the energy of the r° meson, 29.641 Mev: 


sHe\1+ pt +p. (9) 


Then for this reaction the total kinetic energy is found 
to be 36.1 Mev and the binding energy of the A° 
particle is found to be 3.941 Mev. This value for the 
binding energy is in agreement with that found from the 
charged mesonic decays of ,He* reported by others.’:!5! 

Of course it is possible that the residual momentum 
from the two charged particles was carried away by two 
or more fast neutrons instead of a ° meson and that the 
reasonable value for the binding energy of the A° 
particle is fortuitous. Such an argument cannot be 
excluded. However it would seem to be somewhat 
improbable, from phase space considerations, because 
the neutrons would have nearly all of the energy (~170 
Mev) while the energy of the charged particles is small 
(~6 Mev). 

The binding energy of the A° particle in ,He* is found 
to be — 40 Mev if tracks 1 and 2 are both assumed to be 
due to deuterons, and therefore we conclude that this 
assignment is incorrect. 
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Event 5 


A photograph of event 5 is shown in Fig. 13. The range 
of the connecting track is 193 microns. From the thin- 
down, and from 4 rays near the primary star, the charge 
of the fragment was found to be either 3 or 4. There is an 
appreciable amount of small-angle scattering along the 
track of the fragment near the secondary star, which 
suggests that it stopped before disintegrating. The 
5 rays along the two longer tracks from the secondary 
star show that they were produced by particles of 
charge one. From conservation of charge, the short 
recoil track must have been produced by an isotope of 
hydrogen or helium. For all consistent combinations of 
mass assignments for particles one and two, and for 
charge and mass assignments of particle three, the 
residual momentum is greater than would be expected 
from a bound A° particle which decayed by 2°-meson 
emission, and less than would be expected if only one 
neutron were ejected. Thus it seems probable that two 
or more neutrons were emitted. 

Although the decay energy of the fragment cannot be 
evaluated in this event, it represents a very good ex- 
ample of a hyperfragment which lived for a time greater 
than 10-" second and subsequently disintegrated. 


Event 6 


In this event the three-pronged secondary star is con- 
nected to the 3-Bev proton primary star by a short 
saturated track of 5 microns in length. The secondary 
star consists of a lightly ionizing particle, probably a 


Fic. 13. The disintegration from rest of a hyperfragment. The 
total meg pa energy from the secondary star cannot be 
e 


evaluated. event was found in a cosmic-ray plate. 
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proton of 120+12 Mev (although a K-meson is not 
inconsistent with the grain density and scattering data) ; 
a short recoil track of 3.2 microns; and a third track 
which leaves the emulsion after 840 microns and is 
ascribed to a proton of 25+ 10 Mev. The identity of the 
recoil cannot be established, however for various as- 
signments, the residual momentum of the three charged 
particles is not appreciably different. If it is assumed 
that the residual momentum was given to two neutrons, 
the minimum kinetic energy from the secondary star is 
found to be 166 Mev. The total energy from the star is 
significantly higher than the rest energy of a * meson 
and of the right order of magnitude for a bound A° 
particle. 
Event 7 


The primary star was produced by a 1.5-Bev negative 
mx meson. The connecting track is very short, only 5 
microns, and therefore the only conclusion that can be 
drawn is that the particle was probably heavily ionizing. 

The secondary star has 6 prongs. The large number of 
prongs from the secondary star strongly suggests that 
the star was not produced by a stopping x meson. The 
probability that a stopped negative x meson will pro- 
duce a 6-prong star in an emulsion is very small 
(~1/500). The total energy release from the disintegra- 
tion cannot be evaluated. 


Events 8, 9, 10, and 11 


In these four events the connecting tracks have a - 


range from 15 to 45 microns. Even though the range is 
short, the tracks appear to have been produced by 
nuclear fragments rather than by stopping # mesons. 
The visible energy is low (20 to 40 Mev). The large 
residual momentum excludes the possibility that only a 
® meson carried away this momentum and if it is 
assumed that only one neutron was ejected, the total 
energy is considerably less than the expected value from 
a bound A° particle. These events can be interpreted as 
the nonmesonic decay of a A° hyperfragment with the 
emission of more than one neutron. 


events 12-26 


In events 12 through 26 (Table II) no definite con- 
clusion can be drawn from any one of the events. In each 
of these cases, the connecting track is too short to be 
identified. However, in each case the track is saturated 
indicating that the secondary star was produced by a 
slow particle. It is possible that some of these events 
may have been produced by stopped negative particles 
such as x mesons or K-mesons; however, in none of 
these cases are there “Auger” electrons associated with 
the secondary star. It was previously found that 27 
percent of stopped negative «4 mesons have associated 
low-energy electrons.™ The percentage of electrons from 


™ W. F. Fry, Nuovo cimento 10, 490 (1953). 


Fic. 14. A photograph of event 14. The primary star A was 
produced by a 3-Bev proton. The secondary star B has 5 associated 
tracks. The total energy from the secondary star cannot be 
evaluated. 


stopped + mesons is about the same.** The absence of 
any such electrons is taken to be an indication that at 
least a portion of these secondary stars was not caused 
by stopped negative x mesons. 

A photograph of event 14 is shown in Fig. 14. 


ENERGETIC DISINTEGRATIONS 
Event 27 


This event has been described in detail elsewhere 
and only the salient features will be given here. The 
connected stars were found in a plate exposed to cosmic 
rays. The primary star is of the type (2249p). The 
track of the nuclear fragment is 192 microns long. The 
thin-down along the connecting track as well as the 
absence of 6 rays and the increase of the multiple 
scattering near the secondary star are strong evidence 
that the nuclear particle stopped before it disintegrated. 
From the thin-down and from the 6 rays near the parent 
star, the charge of the fragment is found to be greater 
than 2e and definitely less than 5e. The secondary star 
has four prongs. The characteristics of these tracks are 
summarized in Table IV. The identity of track 4 cannot 
be established. If track 4 is ascribed to a x meson, the 
minimum kinetic energy (assuming the residual mo- 
mentum was given to two neutrons) is found to be 92 
Mev; if track 4 is assumed to be due to a K-meson, the 
kinetic energy becomes 210 Mev; if track 4 is assumed 
to be due to a proton, the minimum kinetic energy is 

% Cosyns, Dilworth, Occhialini, and Schoen Proc. Phil. Soc. 
(London) A62, 801 (1949); A. Bonetti and G. i 


omasini, N' 
cimento 8, 693 (1951); W. F. Fry, Phys. Rev. 83, 594 (1951). 
* W. F. Fry and M. S. Swami, Phys. Rev. 96, 809 (1954). 
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Fic. 15. A drawing of event 28. The connecting track is 10.5 
microns long and quite straight. The secondary star is to the right 
of the large primary star and consists of three outgoing particles; 
a proton of 185420 Mev, a short recoil and a proton of greater 
than 20 Mev 


found to be 328 Mev. Since the charge of the fragment 
is found to be less than Se, the particle which produced 
track 4 must have been negative in order to conserve 
charge, therefore the proton assumption is not valid. In 
any case, the energy released from the disintegration of 
the fragment is significantly greater than the available 
energy from a A° hyperfragment 


Event 28 


A projection drawing of event 28 is shown in Fig. 15. 
The primary star was produced by a 3-Bev proton. The 
connecting track is 10.5 microns long, quite straight and 
saturated. These facts suggest that the particle was a 
nuclear fragment with a low velocity at the time it 
produced the secondary star. The secondary star con- 
sists of three outgoing tracks. Track 1 (Fig. 15) is only 2 
microns long; track 2 leaves the air surface and was 
followed through the adjacent plate. Track 3 leaves the 
glass side of the emulsion after 1000 microns. The 
characteristics of the tracks are given in Table V. If the 
recoil is assumed to be a carbon nucleus and track 3 a 
proton, the residual momentum of the three particles is 
about 330 Mev/c which gives an energy of about 60 Mev 
for a single neutron. If two neutrons were involved their 
energy is greater than 30 Mev. The minimum kineti 
energy from the secondary star is then (185—20)+1 
+330=216 Mev. The choice of the recoil does not 
significantly affect the total energy. The disintegration 
energy is clearly too large for a A° hyperfragment, and is 
possibly consistent with the energy release in event 27. 


Event 29 


In this event, found in a cosmic-ray plate, a K-meson 
was ejected from the secondary star. Since the event 
seemed to be rather unusual, it was published previ- 


AND SWAMI 
ously,” but a brief summary is given here for the sake of 
completeness. 

Unfortunately, the connecting track is only 9 microns 
long. From the appearance of this track we conclude 
that the particle had a low velocity, but it is impossible 
to decide whether it was produced by a nuclear frag- 
ment, a stopping negative hyperon, or a negative 
K-meson. The secondary star has three outgoing 
particles: a recoil, a proton of 10 Mev (a deuteron or 
triton cannot be excluded), and a K-meson of 43 Mev. 
The three tracks are not coplanar, indicating that one or 
more neutral particles were also ejected. The residual 
momentum of the three particles is approximately 200 
Mev/c. A single neutron of this momentum would have 
an energy of 20 Mev. 

The track of the K-meson was followed through four 
pellicles and into a fifth pellicle where it stopped. The 
mass of the particle was measured in each plate by 
several methods and in each plate the mass was found to 
be that of a K-meson. By using the constant-sagitta 
method” along all of the track, the mass of the 
particle was found to be 1170+200 m,. There are no 
associated particles at the end of the K-meson track; 
therefore we assume it was negative. 

The total energy from the secondary star, including 
the rest energy of the K-meson, is greater than 496+54 

=550 Mev. There appear to be four possible explana- 
tions for the event: the secondary star may have been 
produced (1) by the nuclear absorption of a stopped 
negative “heavy” hyperon; (2) by the absorption of a 
stopped negative “heavy” K-meson; or (3) by the 
disintegration of a nuclear fragment which contained a 
bound “heavy” hyperon; or (4) by the disintegration of 
a fragment which contained a bound “heavy” K-meson. 
If assumption (1) or (3) is correct, the mass of the 
hyperon must have been greater than (938+-550)/0.511 

2910 m,. If assumption (2) or (4) is correct, the mass 
of the “heavy” K-meson was greater than 550/0.511 
= 1075 m,. 

It is possible that the event was caused by a hyperon 
of the same type as the hyperon which decayed into a 
K-meson, previously reported by Eisenberg.” 


Tasve IV. Characteristics of tracks from the secondary star 


Energy 
in Mev 


Range 
n microns Ionization 
62 Black p, d,t 
109 Black a 
2000* Black p, d,t 


300” Gray x, K, orp 


Identity 


45+18 if x 
160+65 if K 
3004125 if p 


track left the emulsion after a range of 2000 microns. The tota 

estimated to be less than 2500 microns 

and leaves the emulsion after 300 microns. The 
blob density along the track. The blob density 

The track is too straight for an electron 


* The 
range is 
The track dips steeply 
energy was determine T 
is 1540.12 times the minimum 
with the observed ionization 


™ Fry, Schneps, and Swami, Phys. Rev. 97, 1189 (1955). 
™ Y. Eisenberg, Phys. Rev. 96, 541 (1954 
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IV. SUMMARY AND DISCUSSION 


From the experimental data, the following general 
conclusions can be drawn about the production and 
decay of hyperfragments. Of the 29 disintegrations, a 
= meson was ejected in only 2 cases, and a K-meson in 
one event. Since it is not clear that the K-mesonic event 
was due to a fragment disintegration, it will be discussed 
separately. The remaining 26 disintegrations involve 
only nuclear particles. The two #-mesonic decays oc- 
curred from fragments with a charge of 2 and 3. The 
charge of the fragment, in the nonmesonic cases, was 
found to be greater than 2 in all cases. Only one of the 
four fragments with charge 3 decayed mesonically. The 
complete absence of the mesonic decay of fragments 
with Z>3 (22 events) is in agreement with the predic- 
tions of Cheston and Primakoff" that the decay in a 
heavy fragment could be “stimulated” with the result 
that the x meson would not be emitted. 

The average charge of the fragments is found to be 
between 4 and 5. There may be some bias in the charge 
distribution because the range of very heavy fragments 
may be very short. Hence the secondary star may 
practically coincide with the primary star and therefore 
not be observed. On the other hand, light hyperfrag- 
ments will in general have a considerable range and 
therefore may leave the emulsion before disintegrating. 
This effect would seem to be small, however, because the 
average energy of the observed hyperfragments is quite 
low (see Fig. 3). The charge and energy distributions 
indicate that the A° particles are preferentially captured 
in slow, moderately heavy fragments. 

In four cases the total disintegration energy could be 
evaluated. The close agreement of the total energy with 
the decay energy of a free A° particle is strong evidence 
that these events were due to the disintegration of a A° 
particle which was bound in the fragment. The binding 
energy of the A° particle could be found from the kinetic 
energy of the decay products, the known decay energy 
of the A° particle and nuclear mass data. The data on the 
binding energy in four nuclei are given in Table VI. 
Because a A° particle is different from a nucleon, in a 
nucleus it may not be subject to the Pauli exclusion 
principle. Hence it is not clear that the binding energy 
of the A° particle should be compared to the binding 
energy of the last neutron in a similar stable nucleus. 
However the data show that the binding energy of a A° 
particle is not greatly different than that of the last 


TaBLe V. Characteristics of energetic decay star. 


Range in 


microns Ionization 


Black 
Black 
Gray 


Track 
1 2 
2 2000 
3° 1000 


Identity Energy in Mev 


0.5 ifa; 1.0if B 
>20 if p; >28 if d 
98412 if K 
185420 if p 


p,d,t 
kor p 





* The energy was estimated from the grain density Multiple-scattering 
Measurements are consistent with a proton or a AK-meson but are incon- 
sistent with a * meson 
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Tasie VI. Summary of binding energy data. 








ng of At Binding of last 
part in neutron in 
Mev stable nucleus 


5.941 77 
20.6 


Nucleus 


sHe® 
or 
aHe* 


Be? 
aBe* 


or 
aBe® 





3.941 
5.948 98 
3.743 18.9 
—0.743 1.7 


ach 


neutron and also that the binding energy is not large in a 
nucleus as heavy as carbon. 

Two events were found where the energy of the 
disintegration products is significantly greater than the 
available energy from a bound A° particle. In one of 
these events (event 27), the connecting track is long 
enough to establish, without question, that the second- 
ary star was produced by the disintegration of a 
moderately heavy hyperfragment. The energy release 
shows that an unstable particle whose available energy 
is greater than the decay energy of a A° particle can be 
bound in a nucleus and be stable for a time greater than 
10-" sec. It is possible that this disintegration was due 
to a bound charged hyperon or possibly a bound 
K-meson. The disintegration energy available from a 
charged hyperon =*+ which decays by the reaction 
Et—p+r°” is 116+136=252 Mev.” The total energy 
available from the disintegration of the charged cascade 
hyperon =~, which decays by the reaction Z~—+A°+ 1, 
is 175+ 139+-66= 380 Mev.” The available energy from 
a K-meson is just its rest energy which is 496 Mev.” 
Events of this nature may provide a crucial test for 
theories of unstable particles.” 

The second energetic decay (event 28) may also be 
due to the same process as the previous event. Since the 
connecting track is short, it is not possible to exclude the 
nuclear capture of a slow negative hyperon or K-meson. 

Since the connecting track in event 29 is short, it is 
not possible to decide whether the particle which pro- 


* Genoa-Milan and Padua groups, Report of the Padua Confer- 
ence (unpublished); W. F. Fry and M. S. Swani, Phys. Rev. %6, 
235 (1954). 

» E. W. Cowan, Phys. Rev. 94, 161 (1954). 

* Thompson, Buskirk, Etter, Karzmark, and Rediker, Phys. 
Rev. 90, 1122 (1953). 

# M. Gell-Mann, Phys. Rev. 92, 833 (1953). According to the 
isotopic a assignments of Gell-Mann, the Z* has T,=1. This 
hyperon should not exist in a nucleus for a time comparable to the 
lifetime of observed hyperfragments because the reaction Z*+n—+ 
A°®+ should occur rapidly. Similarly the cascade h ow 
should rapidly undergo the reaction Z +n—-A'+A°. Ih ad meson 
could be bound in a nucleus, then from isotopic spin considerations 
(T,=—4) it could be stable for a period comparable to the 


stopping time of a fragment in emulsion. 
*=M. Gell-Mann and A. Pais, Proceedings of the Glasgow 
conference, 1954 (to be published). 
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duced the secondary star was bound in a nuclear 
fragment or whether it stopped in the emulsion and was 
captured by a nucleus. Nevertheless, in either case it is 
necessary to postulate that the secondary star was 
produced by a “heavy” hyperon or a “heavy” K-meson. 

It now seems clear that a A° particle can be bound in a 
nucleus and furthermore that at least one other unstable 
particle can also be bound. It is hoped that additional 
energetic events, which are more favorable, will be 
found, so that the particle or particles which are re- 
sponsible can be identified. 

Although there are data on the binding energy of a A° 
particle in a few nuclei, knowledge of the variation of 
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the binding energy with nuclear charge and mass is 
inadequate. Such information would be valuable in an 
attempt to understand the interaction of the A° particle 
with nuclei. 

The authors are very grateful to the Cosmotron 
group, and especially to Dr. R. K. Adair, for making the 
facilities of the Cosmotron available. Their interest and 
help are appreciated. The cosmic-ray exposures were 
made for us by Major David G. Simons, United States 
Air Force, whose efforts have made this portion of the 
program possible. Many discussions with Professor R. 
G. Sachs have been stimulating and helpful. J. Slowey, 
J. Behrendt, and R. Benson assisted in the scanning. 
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Wave Equation for Spin 0 in Hamiltonian Form 


K. M. Case 
H. M. Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 
(Received May 27, 1955) 


It is shown that the Hamiltonian form for spin 1 particles also describes spin 0 particles if the 5-dimen- 
sional! representation of the Duffin-Kemmer algebra is used 


I. INTRODUCTION 


CHRODINGER' has recently shown that the field- 
free equations for a spin 1 (Proca) particle can be 
written in the Hamiltonian form 


10V /dt= KY, (1) 


where 

K = 8 P+xS,. (2) 
Here the matrices 8;, 82, 8:, 84 form a ten-dimensional 
representation of the Duffin-Kemmer algebra.? The 
wave function ¥ is subject to the initial condition 


(K8,—«)¥=0. (3) 


As a consequence of Eq. (1) the condition (3) is main- 
tained for all time. 

It is well known* that the field-free equations for 
both spin-one and spin-zero particles can be written in 
the form 


(3,0, +«)¥=0. (4) 


The only difference is that for spin one we need to use 
a ten-dimensional representation and for spin zero a 
five-dimensional representation of the algebra defined 
by the relations 
8,BB,+8 BB, = bi, 5px, 


(S) 
This suggests that, similarly, Eqs. (1) and (2) also 
describe spin-zero (Klein-Gordon) particles with the 
appropriate replacement of the 8 matrices. 


' E. Schrédinger, Proc. Roy. Soc. (London) A229, 39 (1955) 
*N. Kemmer, Proc. Roy. Soc. (London) A173, 91 (1939 








Il. THE HAMILTONIAN FORM 
If we describe a spin-zero particle by a scalar function 
@ and a four-vector ¢,, the field-free equations are® 
Op / Ox, = Ky, 


On splitting ¢, into a space vector @ and a space scalar 
v (¢:= ty), these equations become 


Og, / OX, = xd. (6) 


Vo=xo, (7) 
0g/ dt= — np, (8) 
dy /dt= —V-o+x¢. (9) 


Differentiating (7) with respect to time and eliminating 
0¢/0t using (8) gives 


06/d1= —Vy. (7a) 


If (7a), (8), and (9) are required to hold for all times 
(7) need only be required to be true initially. It will 
then automatically be satisfied at later times. Hence 
the field equations can be written, on multiplying by 4, 


as 


106/dt=Py, id¢/dt= — inf, 
idy/ dt=P - 6+ ixd, (8) 
where 
P=—iV. (9) 


The admissible solutions are those which satisfy (7) 
initially. 
Combining the quantities $, ¢, and y into a single 


4 x,= i. h and c are taken to be unity. 














SPIN 0 
five-component wave function, 
¢1 
o: 
v= o3 . (10) 
ly. 
we see that Eqs. (8) can be written as 
idV/dt= KY. (11) 
Here % is the 5X5 matrix: 
wo .-Or Or Ore) 
10 0 0 O P, 
1), fe Oy 4 ek. (12) 
}0 0 0 0 — ik | 
LP, P, P; ix 0 J 


This is certainly of the form of Eq. (2). 8; is obtained 
by putting P;=1, P2= P;=x=0 in (12). Bs, Bs, and By 
are obtained similarly. It may be noted that, as for 
spin one, these matrices are all Hermitian. Direct com- 
putation shows that the condition of Eq. (3) is just 
Eq. (7). 

The only remaining question is whether the @; satisfy 
all the relations implied by (5). This is rather simple to 
see since the content of (5) is merely the following: 
Let n, be a unit four vector. Then 


(n,8,)°= NB, (13a) 


Alternatively, to check the relations (5) we need only 
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check that 
Ki= (PY+PZ+PP+e)K, (13b) 


for arbitrary P;, P:, Ps, and «x. Direct computation 
shows this to be true. 


Ill, REMARKS 
Following Schrédinger, we may define the spin 
operators by 


Si= tn Bi8i, (14) 


where ¢,; is the alternating symbol and i, &, / run from 
1 to 3. The sum of the squares of these three matrices 
is diagonal. The number 2 appears along the first three 
diagonal positions and zeros elsewhere. The subsidiary 
condition (3) shows that in the rest system only the 
eigenvalue 0 for the spin appears. The situation is much 
like that noted by Kemmer’ in that an apparently non- 
zero spin appears at relativistic energies. 

A similarly peculiar result is obtained on introducing 
an electromagnetic field. The same treatment as above 
leads to Eq. (11) again, where now 


KR=eV+x8.+8 - (P—eA)+ (ie/x)P - 88, 
+( ) =te/2« ejxiH jBxB.8; (15) 


where V, A, and EH are the scalar potential, vector 
potential, electric and magnetic field respectively. The 
non-Hermitian term in (15) is quite similar to the 
apparent imaginary electric dipole moment one obtains 
from the Dirac equation. 
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Classification of the Fundamental Particles* 


R. G. SAcus 
University of Wisconsin, Madison, Wisconsin 
(Received May 2, 1955) 


The decay and production processes of the pions, K-mesons, 
nucleons, and hyperons are classified in terms of selection rules for 
an integral quantum number, a, called the “attribute,” which is 
assigned a definite value for each particle and assumed to be 
additive when particles are combined. No attempt is made to 
relate the attribute to other physical properties of the particles. 
The scheme suggests relationships between processes which have 
yet to be observed such as the associated production of a cascade 
particle with two (positive or neutral) K-mesons. When it is 
combined with the notion of isotopic spin (J) conservation, it sug 
gests the existence of several new particles, the 2° of Gell-Mann 
and Nishijima, a = and a neutral K-meson differing in its prop- 
erties from the #. Results of isotopic spin assignments suggest the 
rule (odd-even rule) that even-a fermions have half-integral /, 
odd-a fermions have integral /, and conversely for the bosons 
There are also implications concerning the interactions between 
various particles: the range of the potential binding the A® to a 


I. INTRODUCTION 


HE purpose of this note is to introduce a scheme 

for classifying the fundamental particles in such 

* Work supported in part by the University Research Com 
mittee with funds provided by the Wisconsin Alumni Research 
Foundation, and in part by the U. S. Atomic Energy Commission. 


nucleon should be of the order of the K-meson Compton wave 
length. 

The classification is extended to include electrons, neutrinos, and 
muons with the result that their attributes must be half-integral. 
In order to exclude certain unobserved processes, it is necessary to 
assume that the neutrino is the source of the weak (Fermi) 
interaction of fermions, in contrast to the notion of the universal 
Fermi interaction. The existence of an antineutrino is strongly 
suggested. The K,ys and K,, (considered as one particle) may 
be interpreted as a boson (K) or fermion (x). In the former 
case, the decay schemes K*—+e* +», K®°-+2s, and K°--r+y+» are 
expected to occur. In the latter case, production of the « through 
the decay process K-*«+-» is suggested. 

Several unusual new events are classified in Sec. VI in order to 
illustrate the method. A table of thresholds for production of the 
various particles is included in an Appendix. No excuse is offered 
for the nonoccurrence of #—e decay. 


a way as to correlate their modes of production, their 
observed decay rates, and the interactions between 
them. The classification is carried out in térms of a 
single quantum number called the “attribute” which is 
not given a specific physical interpretation. This scheme 
provides a useful way to summarize data, and to predict 
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Fic. 1. Classification of the pions, K-mesons, nucleons, and 


hyperons. The vertical scale is mass in units of the pion mass 
Electric charges are indicated, those in parenthesis being suggested 
but not established. Dashed arrows indicate known decay 
processes 


correlations between phenomena. In this respect the 
present procedure seems to encompass many features of 
most proposals' that have been set forth to account for 
the properties of the fundamental particles, although 
those proposals are generally more specific. 

The attribute is assumed to have the following 
properties : 


(1) A definite value of a can be assigned to every 
fundamental! particle. 

(2) ais additive, i.e., the value of a for any collection 
of particles is the algebraic sum of the a values of all the 
particles. 


‘See, for example, D. C. Peaslee, Phys. Rev. 86, 127 (1952); 
91, 446 (1953); Nuovo cimento 12, 943 (1954); A. Pais, Physica 
19, 869 (1953); M. Gell-Mann, Phys. Rev. 92, 833 (1953); 
M. Goldhaber, Phys. Rev. 92, 1279 (1953); J. Rayski, Nuovo 
cimento 12, 945 (1954); T. Nakano and K. Nishijima, Progr 
Theoret. Phys. Japan 10, 581 (1953); K. Nishijima, Progr. 
Theoret. Phys. Japan 12, 107 (1954). The assignment of an 
attribute according to the rules set forth below would be somewhat 
indirect in some of these theories. Note that a parity quantum 
number, such as Pais’ w parity, may be written as (—1)* where a 
is the attribute. When models using compounds of particles are 
used, as by Goldhaber or Peaslee, all the selection rules follow 
from an attribute which is assigned to the simple particles. The 
most direct connection is with the theory a Gell-Mann and 
Nishijima who propose that the charge g of the particle is related 
to the /; component of isotopic spin by 


q=e(/,— $e), 


and a has just the properties assigned here to the attribute. 
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(3) Transitions having Aa=0 are very fast. 

(4) Transitions having Aa=+1 are slow, of the 
order of observed decay rates of fundamental particles. 

(5) Transitions having | Aa >1 are so slow as to be 
unobserved. 

In addition to these rules and the usual conservation 
laws, use is made of the conservation of heavy particles, 
i.e., a heavy particle can be destroyed only by annihi- 
lation against a heavy antiparticle. The heavy particles 
include nucleons and all known hyperons. 


Il. CLASSIFICATION OF NUCLEONS, PIONS, 
K-MESONS, AND HYPERSONS 


It is very convenient to present the classification 
scheme in diagrammatic form by plotting the mass of the 
particle (or particles) versus the attribute, as illustrated 
in Fig. 1. Then the fast transitions are vertical and the 
slow transitions connect adjacent columns. A possible 
assignment of attributes has been made in Fig. 1 for the 
well-established particles and their decay schemes are 
indicated by dashed arrows. The nucleon is denoted by 
N(N*=proton, V°=neutron) and other particles may 
be identified by the indicated decay scheme. Each level 
referring to a single particle is labeled by its observed 
electric charge states and (parenthetically) by suspected 
charge states. Arguments for the latter are presented in 
Sec. III. 

The assignments have been made as follows: The pion 
has been assigned a=0 because different numbers of 
pions appear in so many reactions. Attempts to give it 
other values have not been successful. The value a=0 
for the nucleon turns out to be convenient, although not 
necessary.? The advantage is that the collisions between 
nucleons and between nucleons and pions have a total 
a=0, and hence the sum of the a values of the produced 
particles must vanish. Since frequent reference must be 
made to such collisions, we shall refer to them as zero 
collisions. 

It is now required that the A° have a= +1 in order to 
account for its slow decay into V+. The value has 
arbitrarily been taken to be a=1. The =* hyperons, 
those decaying into V+ with a Q of about’ 116 Mev 
must also have a= +1. The value a= 1 has been chosen 
in order to be consistent with the choice for the A° since 
they are interrelated by the results on associated pro- 
duction of K-mesons, as we shall see below. The cascade 
particle,‘ =~, decays slowly into A°+ ; hence its a-value 
must differ from that of the A° by +1. The choice az=0 
would lead to spuntaneous decay into V+; hence we 
are forced to select az=2. 

* An alternative leading to a completely equivalent scheme is to 
take ay = —1. Then all hyperon a-values are reduced by one from 
the values given in Fig. 1. This is the choice made by Gell-Mann in 
relating g and /, (reference 1). 

*See the report of the Padua Conference, Nuovo cimento 12, 
Supplement No. 2, (1954). Also the Proceedings of the Fifth 
Annual Rochester Conference on High-Energy Physics (Inter- 
science Publishers, Inc., New York, 1955). 


*E. W. Cowan, Phys. Rev. 94, 161 (1954). See also the Pro- 
ceedings of the 1955 Rochester Conference, reference 3. 
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The @, 6+, and r mesons must have a= +1 because 
they decay slowly into a=0 states, i.e., into either two 
or three pions. Since # and a positive meson of about the 
same mass are observed* to be produced in association 
with the A° and =~, respectively, in zero collisions, these 
particles must have a= — 1. We denote them collectively 
by K;, in Fig. 1. On the other hand, a negative K-meson 
is observed® to be captured by nuclei, presumably 
through either the (fast) reaction 


K-+ N° + A°+2-°, 
or the (fast) reactions 
K-+Nt->++ 24", 
K-+N-2>-+ 2". 


This is forbidden if a= —1 for the K~. Hence we are 
forced to admit another species of K-mesons with a= 1. 
It is denoted by K, in the diagram. We shall distinguish 
between K,-mesons (with a=—1) and K,-mesons 
(a=1) in the following since their comparative prop- 
erties will be under constant scrutiny. 

A remark concerning the excited fragments (hyper- 
fragments) may be appropriate here. There is evidence’ 
that when the A° is trapped in nuclei its lifetime is of the 
same order as that of the free A°. This is consistent with 
the assignment a, = 1 since the interaction with nucleons 
does not lead to any fast (Aa=0) process. However 
neither the = nor the = can live in the trapped state for 
an appreciable time since the charge exchange reactions, 


D+ -+ N° + A!+ N+ 
and*® 


E-+N+24°, 


would be rapid.* There is some evidence* for hyper- 
fragments of too high a Q to be due to a trapped A°, and 
the indicated Q would suggest a trapped >. However, to 
be consistent with our scheme, it is assumed instead 
that these excited fragments contain trapped K,-mesons 
which would be long-lived in nuclear matter. 

Note that according to the above reactions, negative 
hyperons will be captured by nuclei with the formation 
either of the A° or a hyperfragment. 

The fact that there is an appreciable binding of the A° 
in nuclei indicates the existence of a strong interaction 
between the A° and nucleon. It may be assumed that the 

* Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. 93, 861 
(1954). 

*H. De Staebler, Phys. Rev. 95, 1110 (1954); Naugle, Ney, 
Freier, and Cheston, Phys. Rev. 96, 1383 (1954); J. Hornbostel 
and E. O. Salant, Phys. Rev. 98, 1202(A) (1955). 

7M. Danysz and J. Priewski, Phil. Mag. 44, 348 (1953). 
References and recent values of the binding energy are given by 
Fry, Schneps, and Swami, Phys. Rev. 99, 1561 (1955). 

* W. F. Fry and M. S. Swami, Phys. Rev. 96, 809 (1954). Also 
Fry, Schneps, and Swami, reference 7. 

* However, W. G. Holladay has pointed out (private com- 
munication) that the nuclei consisting of either one or two 
neutrons plus a Z~ would be stable against the charge exchange 
process as a consequence of charge conservation. 
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Fic. 2. Extension of Fig. 1 to include various reactions. Solid 
vertical arrows indicate rapid processes ; for production of particles 
the arrow points upward, for disintegrations, downward. Thresh- 
old or Q value (in the c.m. system) is indicated by the length of the 
arrow. 


virtual transition 
A + N-A+A‘'+ K,-N'+ A’, 


i.e., the exchange of a K,-meson, is responsible for this 
interaction since exchange of a pion is forbidden by the 
conservation of total isotopic spin. That is clearly con- 
sistent with the attribute assignments. The range of the 
potential generated by this exchange process would be 
expected to be no greater than the K-meson Compton 
wavelength, that is, about one third of the range of 
nuclear forces. Then if the interaction has about the 
same strength as the pion-nucleon interaction, the 
average binding energy of the A° in nuclei should be 
smaller than that of a nucleon, a result which is con- 
sistent with available values of the binding energy.’ 
Processes involving combinations of particles are 
illustrated in Fig. 2, which is simply an extension of 
Fig. 1 on a different scale. Production of particles in a 
collision is indicated by a solid vertical arrow pointing 
upward. The solid arrow pointing downward indicates 
spontaneous (fast) decay. The slow transitions, which in 
this case refer to the excited fragments, are again indi- 
cated by broken arrows. Remarks made above con- 
cerning production and decay processes are summarized 
in this figure. Another very important feature of our 
scheme is also illustrated, namely that in a zero 
collision the Z can be produced only in association with 
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two K,-mesons unless there exists a heretofore unob- 
served particle having a= —2. 


Ill. CHARGE ASSIGNMENTS 


The principle of charge invariance (isotopic spin 
conservation) of the strong interactions seems well 
enough established to take it as a basis for further 
classification of the particles. Thezefore we shall at- 
tempt to assign a value of isotopic spin, 7, to each of the 
particles. In doing so, it will be found necessary to follow 
the suggestion of Nishijima and Gell-Mann’ that, in 
spite of first appearances, there need not be a hard and 
fast correlation between the isotopic spin and the spin 
angular momentum of a particle. Thus a fermion may 
have integral J and a boson may have half-integral /. 
However, the “normal” relationship between charge and 
/, will be assumed here, g=e/, for integral isotopic spin 
and g=e(/;+4) for half-integral J-spin. This makes it 
possible to predict the existence of hitherto unobserved 
charge states 

An additional, very common, assumption is made, 
namely that a charged particle cannot have /=0. This 
rule implies that there must exist a 2° particle, as sug- 
gested by Gell-Mann and Nishijima. The = may be 
assigned / =}, 
particles, one associated with Z* and the other with =~, 
or we may take / = 1, so that are the three 
charge states of the same particle. The latter choice 


in which case there are two kinds of 2° 


z+, =°, and Z 


seems the more reasonable since it introduces only one 
new particle. In either case the 2° would have a= 1 and 
would therefore decay immediately into a A’, pre- 
sumably by emitting gamma radiation."” The corre- 


=? forbidden 


sponding decay of the =* is by charge 
conservation. 

It is expected" that every positively charged boson 
has its negative counterpart, and it is natural to assume 
that the K, 


sumption that the counterpart of K,* is not a K, 


is the counterpart of the K,*. The as- 


particle is in good accord with the observation” that the 
number of A~ is apparently considerably smaller than 
the number of K* produced in the cosmotron. A smaller 
number is expected if the negative K-meson has a= 1 
because in a zero-collision it is produced in association 
with a K,-meson as shown in Fig. 2. Hence the threshold 
is higher (see Appendix) than that for production of a K, 
in association with a hyperon. 

The K,* and Ky; cannot be interpreted as two 
isotopic spin states of the same particle. That would 
imply a correlation between a and /;, which is contrary 
to the principle of charge invariance since a is closely 


” Some evidence for the reaction r+ V*-~°+-° followed by 
2=*-+A°+-y (fast) has been found by W. D. Walker, Phys. Rev. 98, 
1407 (1955), and by Fowler, Shutt, Thorndike, and Whittemore, 
Phys. Rev. 98, 121 (1955). 

" W. Pauli and V. F. Weisskopf, Helv. Phys. Acta 7, 709 (1934). 

"’ E. O, Salant, report of Brookhaven work at the 1955 Rochester 
Conference, reference 3. 
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tied in with the strong interactions.” We are therefore 
led to assign J=4 to each of the K-mesons, K, and K2, 
in agreement with Nishijima and Gell-Mann.' Both 
charge states of the K, have been observed but we are 
led to predict the existence of a neutral K, which could 
have the same decay scheme as either the @ or r°, but 
would only be produced in association with a K, (in a 
zero-collision). 

Since no positive cascade particle seems to have been 
detected, we are led to assign J=} to the Z hyperon. 


Then there should exist a =° characterized by the 
scheme 
ZA 4+ 9, 


which would not be easily identified. 

It is interesting to note that our assignments strongly 
suggest a correlation between a and J (not J;), namely 
that J is integral for bosons and half-integral for 
fermions if a is even but J is half-integral for bosons and 
integral for fermions if a is odd. This rule is suggestive of 
the Gell-Mann and Nishijima scheme and, up to this 
point, all of our results are identical with theirs, despite 
the less restrictive assumptions made at the outset. 
However, the parallelism does not continue when con- 
sideration is given to the fermions of small mass, as will 
be seen in Sec. IV. 


IV. CLASSIFICATION OF PHOTONS, ELECTRONS, 
NEUTRINOS, AND MUONS 


If the attribute is to be considered as a fundamental 
property of a particle, it seems that the photon, electron, 
neutrino, and muon should be assigned an attribute 
since these may be formed by the decay of particles to 
which a value of a has been assigned. Hence considera- 
tion is now given to the determination of the attribute 
of each of these particles. 

To account for the fast x° decay into photons we are 
led to assign a=0 to the photon. Then the possibility of 
electron-positron pair production by photons leads to 


(1) 


for electrons, where the bar denotes antiparticle. In the 

following we shall take e and yu to be positively charged 

particles and é and @ to be their negative counterparts. 
The ordinary beta-decay transitions are written as 


d,=—d, 


Nt+—>N°+e+ 3, 


) 
NXN++ 2+. a 


If both of these processes are to have the same | Aa, 

Eq. (1) requires that (note that it is found below that 

a,#0) 

(2) 
% For example, it might be assumed that /=1 and e~/; for the 

K-mesons. Then there would exist a K® with a=0 which could be 

strongly emitted and absorbed by nucleons although the K* could 


not. Consequently nuciear forces at short range would not be 
charge-independent. 


4,= —4,. 
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Then the decay of a pion may be expressed as 


muti, 
“ (b) 
rity, 
and the requirement that these have the same | Aa| 
leads to the condition 
d,= —4d,. (3) 


This result is independent of the order in which neutrinos 
and antineutrinos have been assigned in reactions (b). 
The reactions 

ut N° Nt+p, 


f+Nt*-N°+5 


clearly have the same | Aa! as (b), hence they need not 
be considered further. 

The processes to be considered in fixing the attributes 
of the electron, neutrino, and muon are then (a), (b), 
and 


K,t—y+y, 
sai laa aot (c) 
K; i+), 
and 
u—etut+p. (d) 


Note here that the neutrino in (c) must be taken to be 
the antithesis of the neutrino in (b) because the 
attribute of the K-meson is different from that of the 
pion. 

We are immediately faced with the problem of speci- 
fying the selection rule on a for these transitions. Since 
electron, neutrino, and muon processes seem to be 
governed by a matrix element of the same order as the 

Aa =1 transitions between other particles, it would 
seem reasonable to assume that the relevant coupling is 
strong but that Aa= +1 for all such processes. However, 
it appears to be impossible to arrange the assignments so 
that this selection rule applies without introducing a 
contradiction, namely, that at least one of the meta- 
stable particles should be extremely short-lived through 
a Aa=0 process. 

When we add to this difficulty the fact that no strong 
process involving these particles has been identified," it 
seems more reasonable to assume that they are governed 
by a weak coupling which is accidentally of the correct 
order to give a matrix element comparable with that of 
the other transitions. Then we must require that Aa=0 
for (a), (b), (c), and (d). Under this assumption the 
attribute values are 


a,.=4a,=a,= —}. (4) 


The occurrence of half-integral values of a is a new 
notion which is a natural consequence of any procedure 
similar to the one we have followed. It seems to be a 
result quite inconsistent with Nishijima’s and Gell- 
mann’s' interpretations of a. 

“In this connection it would be very interesting to look for 


u+é—r’+-+ and similar reactions. Note, however, that the muon 
energy threshold is about 8 Bev in the laboratory system. 
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Although the assignment (4) takes care of processes 
(a), (b), (c), and (d), it is necessary to introduce a 
restriction on the weak coupling responsible for these 
transitions in order to account for the fact that the 
reaction 

i+N—-N+é 

is evidently'® forbidden. Matters may be arranged so as 
to forbid this process either by a skillful choice of 
attributes or by making use of the suggestion of 
Konopinski and Mahmoud" that the number of light 
fermions is subject to a conservation rule. However, 
both procedures lead to trouble when consideration is 
given to the K,; and K,; decays. One may identify 
these as an alternate mode of process (c) such as 


Kitutete, 


or one may associate them with a different, half-integral 
spin particle according to a scheme such as 


Kutt bd. 


In either case, the difficulty is encountered that several 
new modes of decay are allowed by the scheme, for 
example, 

K,t—9-+e+u, 
or 


Kkt—yt+é+e. 


Since events of this kind have not been detected 
although they should be easily identified, we are com- 
pelled to assume tentatively that they are forbidden. 
The variety of such processes is so large that it is not 
possible to forbid every one of them by a skillful assign- 
ment of attributes even if use is made of the Konopinski- 
Mahmoud rule. 

The only simple way that has been found to prohibit 
these transitions is to assume that the weak interaction 
must involve al least one neutrino, This implies that the 
neutrino is the source of the Fermi interaction so that 
the concept of a really universal Fermi interaction must 
be abandoned. 

Note that the transitions 


K,\°—2y, 
and 
K 2b 


are allowed by our rule and are to be expected as 
alternate modes of decay of the K,° and K,’. 

The assignment of attributes cannot lead to an 
explanation of the very small probability'’ of pion beta 


’ Lokanathan, Steinberger, and Wolfe, Phys. Rev. 95, 624 
(1954). W. F. Fry (private communication) also gives the relative 
— of i+ N-—-N +2 as 0.003 compared to the process (c). 
No systematic attempt to detect w->2e+é seems to have been 
made, but it involves the same change of attribute as p+ N—-~-N +e 
so it should have similar characteristics according to our scheme. 
een J. Konopinski and H. M. Mahmoud, Phys. Rev. 92, 1045 

). 
965s Lokanathan and J. Steinberger, Phys. Rev. 98, 240(A) 
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decay, as long as the pion is assumed to have zero 
attribute. This is a direct consequence of the existence of 
nucleonic beta decay (no change of attribute of the 
nucleons). Since the assignment of a nonzero attribute 
to the pion does not seem tenable, the explanation of 
this remarkable phenomenon appears to be outside the 
scope of our considerations here. 


V. REMARKS ON K-MESONS 


If the K,; is to be identified with an alternate mode of 
decay of the K,-meson or the K:-meson, its decay 
scheme might be 

Kyt—yt+ v+r’, 
K; —jfiti+r’, 


(e) 


according to the selection rules. Recent observation'® of 
the three-particle” beta decay of a K-meson (K,3) would 
then presumably correspond to the processes 


K,t—e+ 0+", (f 
) 
K; Satie i+’. 
This implies that the two-particle mode of decay 
Kyte ¥, 
, (g) 
K 2 —é+7 


should compete with the others. It would be most 
interesting to know whether (g) occurs or not since its 
absence would provide a strong argument against 
identifying the K,, and K,3 with the other K-mesons 
(but the converse argument does not apply). 

Another consequence of the identification of the 
particle as a boson is that the K° will have an alternate 
mode of decay : 

Kr +utye; 
also, 
Kft + f+). 


This may account for the anomalous V° decays ob- 
served™ by Thompson and his co-workers. 

A quite different possibility is that the K,3 and K,; 
are manifestations of a different particle (denoted by 
x), a fermion which behaves according to the rules of the 
particles with half-integral attribute. The decay schemes 
would be, for example, 


ku tuto (e’) 
and 
cet eto. (f’) 
Then 
a,=—} (5) 
and 
d,=}. (6) 


Friedlander, Keefe, Menon, and van Rossum, Phil. Mag. 45, 
1043 (1954). 

"See the Proceedings of the 
reference 3 

*® Thompson, Buskirk, Etter, Karzmark, and Rediker, Phys. 
Rev. 90, 309 (1953) ; Thompson, Burwell, Huggett, and Karzmark, 
Phys. Rev. 95, 1576 (1954) 
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Under this assumption, production of the « cannot 
take place directly since all of its interactions are weak. 
The most natural assumption would be that the mass of 
the « is smaller than that of the K, or K, and that it is 
produced through the modes of decay 


K,t—«+ y, 
eae a (h) 

K; Kt Vv. 
The mass measurements on K-mesons indicate that the 
mass difference cannot be much greater than some 
40m,. Hence this transition would not be detected easily. 

If the mass difference were not so small, the interpre- 
tation could be excluded on the basis of a remarkable 
event obtained by the Bristol* group. In this event a 
K-meson is produced in a cosmic ray star (which also 
emits a hyperon) and then proceeds to undergo two 
strong inelastic collisions before it ends its career as a 
K,; (evidently positive). The x cannot be produced in 
this manner, nor does it interact strongly enough with 
nuclear matter to undergo inelastic collisions. However, 
we may assume that during its peregrinations the K- 
meson was a K, which decayed into a « after the last 
collision. The energy of the K-meson after the last 
collision is of the order of 40 Mev; hence the deflection 
due to neutrino emission would be less than 5°, and 
might easily go unobserved. 

Both the Bristol and Bombay” groups have found 
other events involving inelastic scattering of K-mesons 
which are identified as 7 particles at the ends of their 
paths. Indications are that at least some of these 
K-mesons are positive. Since the only positive K-mesons 
in our scheme have been taken to be of type Ki, the 
interaction may be due to the virtual transition™ 


(i) 


On the other hand, the K; is capable of strong interac- 
tion through the quite different process 


Kit+N-K,+ (A+ Ky’ )virtuar N+ Ky’. 


K2t+ N-(A+) virtua Ko +N’. (i’) 
The existence of such an interaction is also suggested 
by the occurrence® of excited fragments of high Q which 
were interpreted as bound K,-mesons in Sec. II. The 
binding of a K, implies a rather strong direct coupling 
between the K,-meson and nucleon, just what is needed 
to account for the inelastic scattering. 

A coupling of this kind would also be expected if the 
K, were subject to a strong interaction leading to the 
virtual transition 

4 K1>(Kit®) virtua, (j) 
™ Reported by W. G. K. Menon at the New York Meeting of the 
American Physical Society [Phys. Rev. 98, 1166(A) (1955) ]. See 


also the Proceedings report of the 1955 Rochester Conference, 
reference 3. 

* Reported by Yash Pal at the New York meeting of the 
American Physical Society [Phys. Rev. 98, 1166(A) (1955) ]. See 
also the Proceedings of the 1955 Rochester Conference, reference 3. 

™ Suggested by R. Serber (private communication). 
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which is clearly consistent with the selection rule on the 
attribute. The introduction of (j) suggests that 


Kr>(Kot®) virtual 


too, in which case the interaction between pairs of 
K-mesons would be expected to have the same range as, 
and probably a strength comparable to nuclear inter- 
actions. This should manifest itself through correlations 
in angle between pairs of K,, Kz mesons produced in 
association. 


VI. ANALYSIS OF SEVERAL UNUSUAL EVENTS 


An unusual event recently noticed by Fry, Schneps, 
and Swami™ provides an excellent opportunity to illus- 
trate the method of classification outlined here. They 
observed that one of the disintegration products of a 
star produced by a slow secondary particle was a nega- 
tive K-meson. The total visible kinetic energy of the 
star was 54 Mev. Subsequently, they have found 
another event in which a K-meson of kinetic energy 
near 40 Mev is the only observed decay product. They 
suggest that these events may be due either to the 
nuclear absorption of a new particle or to the decay of an 
excited fragment in which the particle is bound. The 
second event might, alternatively, be interpreted as the 
free decay of the particle. On this basis the particle may 
be a super hyperon (¥,) or it may be a super K- 
meson (K,). 

Let us consider first the possibility that it is a 
hyperon with the decay scheme 

5a —N°+Ks-. 
The attribute of Y, would be a=0 or a=2. If a=0, the 
disintegration Y,—N-+ would occur rapidly and if 
a=2 the disintegration Y,-Z+x would be rapid. 
Hence this possibility is excluded. We may consider 


Y —A°+ Ky ’ 


in which case the mass is at least 1425 m, greater than 
the nucleon mass. An attribute of a=3 is the only 
possible choice. But then, on nuclear collision the 
process 
Y-+N-A°+2- 
would have Aa=0, and a K-meson would not have been 
produced in the first event unless the mass of Y, is so 
large as to allow 
VY +N-2A°+ Kr 

to occur in competition with the A+Z disintegration, 
but that has the consequence that the Y, alone is 
unstable against rapid disintegration into Z+K,. It is 
possible to make the assignment a= 4 to Y,, but, rather 
than go to this extreme, we assume that the particle is a 
super K-meson. 

The assignment a= 2 to the super K-meson seems to 
be consistent with both events. The decay scheme would 


~% Fry, Schneps, and Swami, Phys. Rev. 97, 1189 (1955). 
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Fic. 3. Suggested properties of the K, and VY particles resulting 
from the indicated assignments of attribute. 


be 
K --K:+1, 


and the first event (or both events) would be explained 
as the nuclear capture of K, leading to the fast reaction 


K,+N-A°+ K3. 


The mass of the K, would then lie in the neighborhood 
of 1500 m,. It is interesting that direct mass measure- 
ments” on K-mesons indicate the existence of a particle 
with a mass of about this magnitude. 

The position of the particle in our scheme is indicated 
in Fig. 3. Note that, upon its nuclear capture, either a 
A° or a = (having very low energy) must be formed. 
Another point of interest is that production in a zero- 
collision requires the associated production of two K;- 
mesons, hence the threshold is rather high (see Ap- 
pendix). 

If we follow the even-odd rule suggested at the end of 
Sec. III, the XK, must be assigned integral isotopic spin, 
presumably J=1. In that case a K,° and K,* should 
exist and their decay schemes would be 


KiK r+", 
or 
K 2K i+*", 
and 
FE Fie, Sc K *-K f+". 


ow Davies, Mulvey, and Perkins, Phil. Mag. 43, 753 
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An unusual event having some similar characteristics 
has been reported by Eisenberg.** In this case, the 
simplest explanation seems to cal] for a hyperon, Vz, 
having” a=3 and the decay scheme 

VY g —A°+ K; . 
Then the mass is 3150 m,. This hyperon would be 
unstable in nuclear matter through the reactions 


A+ 
Vet i 
ly4 


It would also have the alternate mode of decay 
Y gE+f. 


Production of the ¥g in a zero-collision must take place 
in association with three K, mesons; hence the threshold 
is very high (see Appendix). The isotopic spin would be 
(at least) J=1, according to the odd-even rule so the 
three charge states should occur, as indicated in Fig. 3. 
Note that Yg* could decay only into 2+ under our 
assumption that there exists no K,*-meson. 


VII. CONCLUSION 


It has been found possible to conveniently classify 
most of the available information concerning production 
and decay of all fundamental particles in terms of a 
single quantum number, the attribute, satisfying the set 
of rules set forth in Sec. I. The scheme leads to definite 
predictions concerning the method of production of the 
various K particles and hyperons. In particular the 
thresholds for production in pion-nucleon and nucleon- 
nucleon collisions are governed by the classification. 
Threshold energies for these processes are given in the 
Appendix 

Several general principles seem to emerge from the 
attempt to fit all particles into the scheme. Most note- 
worthy are the following: 


(1) The odd-even rule; fermions have half-integral 
isotopic spin when a is even and integral isotopic spin 
when a is odd. The converse holds for bosons. 

(2) The attributes of the weakly interacting light 
fermions are half-integral. 

(3) The Fermi (beta-decay 
teristic of the neutrino and in that sense it 
“universal.” 


coupling is a charac- 
is not 


* Y. Eisenberg, Phys. Rev. 96, 541 (1954 

™ The possibility a=2 with the decay scheme lg ~N+K;~ 
and mass 2805 m, is excluded because such a particle would decay 
immediately into Z+ y 


SACHS 
(4) The antineutrino must exist (to account for 
processes (c) and (d) of Sec. IV). 

One of the most interesting questions, whether the 
K,, (and K,,) is a boson or fermion may be answered by 
a search for K .2 decays or by establishing the character 
of anomalous # events. At present the evidence seems 
to favor slightly the interpretation of the particle as a 
boson. A number of other interesting, but so far un- 
heard-of processes are suggested by the scheme, among 
them associated production of two K,-mesons with 
either a cascade particle or a 1500 m, mass K-meson and 
production of three K,-mesons with a super hyperon 
(Yxg); also nuclear capture of negative hyperons with 
the formation of one or two A’s, a hyperfragment or 
possibly a cascade particle. 

It remains to be seen whether the K, and Y, really 
exist. Other explanations of the events are possible, but 
evidently more complicated. 

This work was stimulated by discussions with the 
Wisconsin high-energy group, particularly with W. F. 
Fry and W. D. Walker. Conversations with G. A. Snow, 
W. G. Holladay, and many others have been helpful. 


APPENDIX 


The threshold energies for the production of K- 
mesons and hyperons are determined by the production 
scheme, as illustrated in Figs. 2 and 3. These energies 
have been calculated for the zero-collisions and the 
results are displayed in Table I. The kinetic energy of 


Taste I. Threshold energies in Bev. 


Nucleon- 
nucleus 


1.11 
1.82 
3.94 


Nucleon- 


Produced 
nucleon 


particle Pion-nucleon _Pion-nucleus 


1.57 
2.48 
5.16 
1.57 
1.80 
3.75 

7.20 


Ky 0.75 
K, 1.34 
(K,) 3.22 
0.75 
0.90 
2.25 
4.74 


the pion or nucleon beam is given in the laboratory 
system under two conditions, when the target is a 
nucleon at rest and when the target is a heavier nucleus. 
In the latter case the kinetic energy of the target 
nucleon in the nucleus has been taken to be 25 Mev and 
the direction of motion opposite to that of the incident 
beam. 
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It is shown that the treatment of the collision of two charged 
particles by means of a first-order Born approximation and 
Moller’s matrix element involves an inconsistency connected with 
the infinite cross section for small angle scattering. It is then 
shown that an energy formula derived for the two-body inter- 
action by means of an early form of the Heisenberg-Pauli quantum 
electrodynamics makes it possible to construct a relativistic two- 
body extension of the nonrelativistic one-body Mott-Gordon 
solution. This extension is good only to order & but arguments are 
given for believing that the angle-dependent and ¢-containing 
factors are partially correct for the more important terms. The 
Gordon sphere construction naturally leads to such factors and 
the consideration of small angle collisions in the laboratory 
system leads to a similar result. The latter suggests the possible 
existence of correction terms. The explicit superposition of partial 


1. INTRODUCTION AND NOTATION 


HE collision of two electrons has been treated 

relativistically by Mller, taking into account 
first-order effects in e* only. He showed that high logical 
consistency results through the employment of his 
matrix element, 


IM = (e*h*/ we) (a;°ae", [1— ayer Jide) 
C(pi— px’)*— (Z:— E")?/e], (1) 


in momentum space. The quantities for the initial state 
are designated by zero superscripts, a, and a, stand 
respectively for Dirac spinor amplitudes of the two 
electrons with unit density normalization, the p denote 
momentum, £ the energy and the remaining quantities 
have standard meaning. By means of this formula a 
treatment of Coulomb scattering has been given re- 
cently by Garren* who included the effect of the anoma- 
lous magnetic moment of the proton as well. Garren’s 
considerations regarding the phase factors analogous 
to those present in the nonrelativistic problem do not 
appear to have been justified, however, except on the 
grounds of there being no large effect caused by such 
phase factors and related Coulomb phase shifts so that 
the distinction between relativistic and nonrelativistic 
values could be argued to be unimportant. 

The data analysis problem is complex, and high 
accuracy in phase shift determinations will perhaps be 
unobtainable for some time. It is possible therefore that 
a more accurate knowledge of the relativistic correc- 
tions will not be needed in the immediate future. It has 
been felt, nevertheless, that it is not possible to predict 
which features will be important eventually and that 


”* This research was supported by the Office of Ordnance Re- 
search, U. S. Army. 

1C. Meller, Z. Physik 70, 786 (1931); Ann. Physik 14, 531 
(1932). 


2A. Garren, Phys. Rev. 96, 1709 (1954); thesis, Carnegie 


Institute of Technology, 1955 (unpublished). 


(Received May 9, 1955) 
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waves is avoided by noting a formal similarity of the relativistic 
and nonrelativistic problems for principal non-spin-dependent 
terms. Contributions of the spin-dependent terms are worked out, 
also avoiding explicit summation by employing a momentum 
space representation and noting that once the main terms are 
taken care of by the Gordon sphere construction, the spin- 
dependent terms can be treated as a perturbation on account of 
their more rapid fall-off with distance. 

The possibility of dealing with first-order phase shifts by means 
of a phase shift matrix is discussed in connection with Eqs. (17)- 
(17.2’) and the coupling of states with different L but the same J 
in relation with Eq. (9.8) and Eqs. (17.1)-(17.6). The definition 
of phase shifts in the relativistic problem, neglecting meson pro- 
duction, is discussed in connection with Eq. (8). 






the relativistic effects should be more firmly established 
and examined. An attempt to do so is being made in 
the present paper. 

Indefiniteness in the employment of Coulomb phases 
frequently called o, is absent in the treatment below 
and the employment of the same value of the parameter 
frequently called in different parts of the scattering 
matrix is justified by this work within an approxima- 
tion which may be claimed to be better than to within 
the first power of e* for some of the terms. Singlet scat- 
tering is treated with relatively little uncertainty. 

Use is made of the formal similarity between the 
phase shift treatment of the nonrelativistic and the 
relativistic problems provided the latter is considered 
in the center-of-mass system of the two colliding par- 
ticles. It is shown in this connection that the phase 
shift is an exact concept in the relativistic treatment 
provided corrections for the emission of photons and of 
mesons are neglected. A direct extension of Gordon’s 
nonrelativistic treatment gives then a definite answer 
for scattering in the singlet case. One of the terms in the 
scattering matrix for the triplet case is identical with 
that representing singlet scattering. This term involves 
the progressive phase shifts which depend on the inter- 
particle distance r and contain the expression 9 In2ér. 
This circumstance is connected with the infinity in the 
total cross section and the large small-angle scattering 
characteristic of the Coulomb field. This term contains 
the standard nonrelativistic answer. 

For triplet states the additional terms of the scatter- 
ing matrix can be treated by the same method. Some 
of these are finite everywhere but some are infinite at 
zero scattering angle. The latter arise from spin-orbit 
interactions. 

It is shown in Sec. 3 that the nonrelativistic problem 
can be treated by the phase-shift method in the first 
approximation in the parameter 9, i.e., to within the 
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first power of ¢*. This is the discussion connected with 
Eqs. (6) to (6.6). In the same section, in relation to 
Eqs. (9) through (13.7), there is a proof of the equiva- 
lence of the use of the relativistic value of 9 to the 
Gordon sphere method as applied to the relativistic case. 

On the other hand, it has been found difficult to ob- 
tain a clear treatment of the scattering problem by 
means of Mdller’s matrix element employing the ordi- 
nary iteration method. The difficulties are discussed in 
Sec. 2. It is shown there that the employment of (1) 
in the first-order Born approximation is self-contradic- 
tory and leads to the occurrence of the incident wave 
in the scattered wave with a formally infinite coefficient. 
It is not surprising that such a paradoxical result is 
obtained because there exists no solution of the non- 
relativistic Coulomb scattering problem with the wave 
at infinity asymptotic to a plane incident plus a scat- 
tered outgoing wave. This situation is discussed below 
in relation to the infinity in the total scattering cross 
section and it is shown that its origin lies in the fact 
that even for a screened Coulomb field a non-negligible 
number of particles is removed from the screening 
sphere by the scattering. In Mdller’s introduction of IM, 
a limiting process with a screening sphere was used as 
an intermediate step but has not been followed out 
once SN was obtained. 

The first-order Born-type perturbation calculation 
is incorrect in view of the large effect which the Cou- 
lomb field has on the incident plane wave. According 
to Mott and Gordon,’ the nonrelativistic Coulomb wave 
is asymptotic to 


exp{ il ks+n Ink(r—z) ]} —[n/k(r—2) ] 
Xexp{ilkr—y Ink(r—z)+200]}, (1.1) 


involving the quantity 9 in the exponents in combination 
with quantities which become infinite as the direction 
of incidence is approached. While a power series ex- 
pansion in é can be made, it becomes inapplicable at 
sufficiently small scattering angles. The technique of 
solving the problem by considerations confined to 
momentum space appears not to have been worked out 
and the problem has been attacked therefore by a direct 
extension of the procedure used by Gordon in his 
treatment of the nonrelativistic case. 

In Sec. 4 the reduction to an equivalent wave equa- 
tion operator is carried out leading to the operator of 
Eqs. (16) through (16.4). The relativistic form of the 
interaction operator shows the presence of the spin- 
orbit terms in J; of Eq. (16.2) and of the tensor type 
as well as additional scalar type terms in /;. This ex- 
pansion has its origin in the possibility of expressing 
the energy of two fermions interacting through the 
electromagnetic field to the first order in é and in all 
other orders regarding retardation effects. This expres- 
sion has been derived from the Heisenberg-Pauli early 


*N. F. Mott, Proc. Roy. Soc. (London) A118, 542 (1928); 
W. Gordon, Z. Physik 48, 180 (1928) 
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form of quantum electrodynamics. The old results are 
stated in Eqs. (10) and (10.1) of the text. Their appli- 
cation to the present problem is conveniently carried 
out in the center-of-mass system because of the follow- 
ing circumstances: (a) The unperturbed states referred 
to by subscripts s, ¢ may be considered to be plane 
waves of the same energy or else linear combinations 
of such plane waves. The wavelength corresponding to 
exchange integrals which enters Eq. (10.1) is therefore 
infinite and the exchange terms enter with the same 
factors as the direct interaction terms. This simplifica- 
tion is characteristic of the center-of-mass frame of 
reference. (b) The Coulomb phase shifts which enter 
this calculation are formally similar to the phase shifts 
of the nonrelativistic problem so that the Mott- 
Gordon solution can be adopted directly for the singlet 
scattering. 

The detailed calculation of phase shifts arising from 
I, and J; is avoided by the employment of the momen- 
tum space form of the interaction operator, dealt with 
in Eqs. (12) to (12.8). This procedure suffices for the 
calculation of effects not covered by the singlet scatter- 
ing considerations to within the first order of the param- 
eter 7. The results are collected in Eqs. (18) to (20.5). 
The distinction between the treatment of the singlet 
scattering type effects and the remaining ones is re- 
considered in Eqs. (22) to (22’). It is shown in this con- 
nection that the momentum space treatment, used as a 
calculational short cut, is equivalent to a phase shift 
treatment to within the uncertainty in the knowledge 
of the phase shifts caused by the terms contained in 
I—I, combined with the fact that the operator of Eq. 
(10) is not supposed to be more accurate than within 
the first power of é. It is not claimed that the part of 
the scattering matrix obtained through the use of /, 
which applies directly to the singlet scattering and 
partly to the triplet is exact, but it is shown that 
through its inclusion one takes care of all progressively 
varying phase shifts. These phase shifts are caused by 
the long-range character of the Coulomb field and are 
therefore related to the infinite small-angle scattering. 
On the other hand, the discussion of Eq. (21) shows 
that the phase-shift approach is not interfered with by 
the infinity in the total scattering cross section. It 
may be used, therefore, for the calculation of the other 
infinite part of the cross section which arises in the spin- 
orbit interaction 7;. The latter introduces a milder 
infinity than that of J, and involves no progressively 
varying phase shifts. 

Garren’s considerations regarding the effect of the 
anomalous part of the proton magnetic moment have 
been checked by other procedures and, since the results 
do not differ essentially from Garren’s, the inclusion of 
considerations regarding these effects appears un- 
justifiable. It may be remarked that in the case of small- 
angle scattering which is of main importance in the 
interpretation of data, the problem is approximately a 
one-body problem because the momentum required by 
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the particle which is at rest in the laboratory system 
is small for small-angle scattering. Thus, in the labora- 
tory system, one of the particles may be considered as 
having a nonrelativistic velocity while the scattered 
particle is subjected to an essentially static external 
field. By this procedure the anomalous magnetic mo- 
ment effects can be understood very simply, and the 
simplicity of the form of the relativistic » with the en- 
trance of the velocity of the incident proton referred 
to as v as in Eq. (13.7) is also immediately obvious. 
This fact gives one additional confidence in the treat- 
ment of the singlet part of the scattering cross section 
which may be surmised to be more accurate than the 
present derivation would indicate. 

It would appear that the extensive use of Mller’s 
matrix element in modern quantum electrodynamics 
may require caution, as follows from Sec. 2 below. The 
present paper brings to a somewhat sharper focus the 
question of the practicability of expansions arranged 
strictly in powers of é rather than in terms of combina- 
tions such as are encountered in the Mott-Gordon 
formulas for the nonrelativistic Coulomb wave. The 
connection of the screened-field considerations with the 
internal consistency of handling the problem by itera- 
tion procedures in momentum space is brought out in 
the text below in connection with Eqs. (4.1) and (4.3). 

The results presented here are subject to many limita- 
tions, some of which have already been discussed. 
Among the additional ones, one may mention the infra- 
red-catastrophe and the wave function distortion effect. 
The latter may be expected principally in comparisons 
of n-p and p-p interactions. It can enter in the follow- 
ing ways. 

The whole Coulomb effect may be treated in first 
order only. In this case the phase shifts should be calcu- 
lated employing wave functions distorted by the nu- 
clear potential as a starting point for Coulomb phase 
shift calculation. For high enough L the distortion effect 
will be slight but for the smaller L it is not negligible. 
For all of the singlet scattering this effect is fully taken 
into account by calculating the effect of the nuclear 
potential as a phase shift to be superposed on the 
Coulombian phase as is usually done in the treatment of 
anomalies in Coulomb scattering. The same applies to 
to the part of the triplet scattering matrix arising in /;. 

Alternatively, the Coulomb effect may be treated as 
though it were known exactly. This is the procedure 
generally used in nonrelativistic problems. In the rela- 
tivistic case there would be little justification for calcu- 
lating wave functions corresponding to all the terms in 
the effective potential since complications arise in 
calculations with tensor-force-like terms. Thus it is not 
likely that more than the singlet-type interaction will 
be treated exactly, especially since the progressive 
phase shifts are taken care of in these terms so that 
there is no practical advantage in incorporating spin- 
orbit and tensor-type terms in the “‘exact”’ part of the 
calculation. In either case, therefore, one is concerned 
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with wave function distortion effects on the spin-orbit 
and tensor-type terms. A correction should be made for 
the difference between the phase shifts caused in these 
terms with and without distortion. This correction 
consists in adding to the scattering matrix the difference 
in the contributions of a singlet (L,/J) state with and 
without wave-function distortion. 

The paper is concluded with a comparison of the 
results of the approximate two-body treatment with the 
exact relativistic calculations of Mott for the one-body 
case. The separation of angles displayed in Eqs. (23), 
(23.1) leads to two sets of phase shifts as in Eqs. (24.2), 
(24.3). It is then shown by means of Eqs. (27) and 
(27’) that for small-angle collisions the one- and two- 
body solutions are in agreement regarding the occur- 
rence of angle-dependent phase factors. 


Notation 


v=nonrelativistic velocity of incident particle in the 
laboratory system. 

2;= velocity of either particle in the center-of-mass 
system. 

v’ = velocity of incident particle in the laboratory system. 

E, = total energy of either particle in the center-of-mass 
system. 

M =rest of mass of particle. 

uw=reduced mass of the interacting particles. 

p=kh= momentum of either particle. 

E=p/(Er+M) 

x=(o@-p), where @ is the Pauli spin matrix for the 
relevant particle. 

n=e/ho. 

n= e/ho’. 

p=kr. 

{1/r} =function differing from 1/r only in the neighborhood 
of the origin, where it is defined to be finite. 

L= orbital angular momentum quantum number; rela- 
tivistic states are indexed by the value of L for the 
large component. 

F = regular solution of the differential equation for r times 
the radial wave function. The superscript ¢ refers 
to this function in the Coulomb field. 

G_= irregular solution corresponding to Fz. 

Ai =Git+iF 1. 

o,= Coulomb phase shift = argl' (1+ 1+#n). 

K_= nonrelativistic phase shift for particle without spin. 

6,,,= phase shift for state of given L, J. 
6%, 5° = independent phase shifts arising in coupled L states 
of same J. 
¥(r) = wave function in coordinate space. 
C,= wave function in momentum space. 
¥,,7=radial part of the wave function in presence of the 
interaction. 
Y1-m; Y" 4, = angular and spin-angular parts of the wave func- 
tion, normalized as in Eq. (8.3) and (9.3) of the 
text. 


rl ») = vector addition coefficient for spin 4. 


s=sin (6/2), where 6 is the scattering angle in the center- 
of-mass system. 
¢=cos(@/2). 


2. MOMENTUM SPACE 


As has been brought out in the Introduction, standard 
discussions give only a partial answer to the problem of 
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the Coulomb wave. In the present section the reasons 
for this deficiency will be discussed. It will be seen that 
the incompleteness of existing discussions is caused in 
part by the inconvenience of mathematical manipula- 
tions in momentum space. This inconvenience is con- 
nected with the infinite forward scattering which is 
characteristic of the Rutherford formula. A calculation 
by the usual first-order Born method becomes inap- 
plicable therefore. The relativistic and nonrelativistic 
problems do not differ in essential respects regarding the 
difficulty of handling the divergence at small scattering 
angles in the first Born approximation and the problem 
will therefore be discussed for the nonrelativistic case 
in this section 

The wave equation describing the motion of one 
particle in a Coulomb field and described in coordinate 


space is 
he? é 

——A+ \ Eh. 
a 2u r 


The wave function in momentum space, C,, 
duced by 


intro- 


(2.1) 


¥ r)=h If cep, p= kh, 


P re as 
E Cot fi (pp )Cy-dp = 
2u 


2 / (ah) 


satishes 


where 


V (pp) 
\(pP—py 
is the matrix element 
Virj=e/r 
in momentum space. An incoming plane wave 


vy =exp(ikor) 


corresponds according to Eq. (3) to 
C,M=h if exp{i(ko—k)r}dr=3(p—po), (3”) 
so that the first-order correction to C,™ is 


E,— E—ie)C," - { V(0.9 9610 pod’ 


= — V(p,po), (3.1) 
where 

E,= p/ 2u, (3.1) 
corresponding to a first-order correction to the wave 
function, 


ys - f Vom e,- E—ie)'e'™*dp. (3.2) 


The positive small constant ¢ secures the absence of 


incoming waves in ¥“ in the usual manner, and one 
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obtains the asymptotic behavior 


YO ~—4atuhV (pr/r,pe*"/r, (3.3) 


which is often all that is needed. The manipulations 
with ¢ are, on the other hand, equivalent to a direct 
solution of Eq. (2) subject to the boundary condition 
of y~exp(ikor)+ outgoing waves. In order that this 
method be applicable it is necessary that C,“? obtained 
by means of it be square-integrable, which is the case in 
many problems. The direct solution of Eq. (2) for the 
case of a central V gives 


WV=>V i4(2L4+1)P (b'r/kr)F  (kr)/kr, (3.4) 
L 
with 
F,™ (kr) =— (2p bn) H(t 


r 


xf F u( ke’) V (9) F (kr) dr’ +F (kr) 


0 


“ 

xf F (kr’)V (r')H i (kr')dr’}, (3.5) 
where F,, G, are regular and irregular functions neg- 
lecting the Coulomb interaction, normalized so that 
F’G—G’'F=1 and with a difference in asymptotic 
phase of r/2 leading to G.+iF,=H,_ being an out- 
going wave. By means of the definition (2.1), one ob- 
tains C,"? in terms of y? as 


Cy =4ah- tk? SF (2L+1)P 1 (Wok /k) 
L 
xf Fi (kr)F i) (kr)dr. (3.6) 
From Eq. (3.5), it follows that 


FL, U~—(Qy weal) f F ,?(kr’)V(r')dr’, (3.7) 


and 


VO ~ —[2y/h2k (c/n) ¥ (2L+1)P 1 (k°r/kr) 


L 


xf F .2(kr’)V (r')dr’, (3.8) 
0 


while for |p = | p’|, the Legendre function expansion 
of the exponential in the integral which gives (2.3) in 
terms of (2.4) yields 


V (pp) = (40 /HR*) SS (20-+1) Pp (kk?/*) 


L 


xf F 2(kr')V(r')dr’. (3.9) 
0 


Comparison of Eq. (3.8) with Eq. (3.9) gives 
¥~— (Qaph/r)e'*’V (p,p’) 
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provided the direction of the momentum p is taken to 
be the same as that of r. Comparison of Eq. (4) with 
Eq. (3.3) shows the equivalence of the two considera- 
tions. While this equivalence is well known and has 
been dealt with by Mott and Massey, it nevertheless 
appeared desirable to present the main steps as a basis 
for the following discussion. It is also necessary to call 
attention to another well known fact, viz., the occur- 
rence of phase shifts in their Taylor form (first Born 
approximation) through the integrals in Eqs. (3.8) 
and (3.9). 

The treatment of the problem in coordinate space by 
means of Eqs. (3.4) through (3.9) does not apply for a 
Coulomb field. This fact has been discovered inde- 
pendently by Gordon* and Mott.? The assumption of 
the existence of a definite phase shift is implicit in 
Eq. (3.4) and the result as represented in Eq. (3.8) 
illustrates, through the presence of first-order phase 
shifts, the dependence of the Rayleigh-Faxén-Holts- 
mark method on this assumption. The coordinate 
space treatments of the Coulomb field by Mott and 
Gordon show that solutions of this form do not exist. 
Accordingly one may expect that the momentum space 
treatment will not apply either. In fact, according to 
(3.2) and (2.3), C,“ contains the factor 1/(p— po)? and 
the probability of scattering having taken place depends 
on the divergent / (p—po)“‘dp. This divergence is the 
result of infinite small-angle scattering. It makes the 
method inapplicable to the Coulomb potential. For 
other V(p—po), such a divergence need not occur and 
there are many cases in which the method works. 
The question arises as to whether the divergence inter- 
feres with the momentum calculation only formally 
and whether correct results may not nevertheless be 
obtainable by means of the C," of Eq. (3.2). This 
question is a natural one in view of the success of 
Méller’s treatment' of the scattering problem in 
momentum space. In this treatment the transition 
probabilities are calculated by means of |C,“’!*. One 
could argue that the consideration can be carried out 
for a screened Coulomb field as may be done by chang- 
ing 1/r to e~*"/r with a small a. Instead of (k—ko)~*, 
there occurs then [(k—k»o)*+a7}"' and the result 
converges. For very small a=1/a, however, such a 
procedure is nevertheless incorrect because if the chance 
of finding the system in a scattered state becomes com- 
parable with that of finding it in po the calculation 
becomes inapplicable. For a sufficiently large screening 
radius a, the chance of small- angle scattering becomes 
large and the value of e? becomes severely restricted. 
According to Rutherford’s scattering formula the 
number of small-angle scattering processes taking place 
for a scattering angle >, is approximately 


4x (e/pr*)?/0¢. (4.1) 


If the center of force is enclosed by a screening sphere of 
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radius a, then the minimum deflection @) corresponds to 
Oe / Ea, (4.2) 


and according to (4.1) and (4.2) the number of particles 
scattered per second from the wave represented by 
Eq. (3) is approximately 


4n(/ur*)?(Ea/e)? = ra’. (4.3) 


Some details of geometry of the action of the screening 
sphere are neglected in the simultaneous application of 
Eqs. (4.1) and (4.2), but it is seen from (4.3) that the 
incident wave consisting of one particle/(cm* sec) has 
removed from it by action of the Coulomb field inside 
the screening sphere approximately the number of 
particles incident on the sphere. It would be wrong 
therefore to neglect the distortions of the incident 
wave by the Coulomb wave, and the employment of 
[ (k—k»)*+a*}"' is unjustifiable. As @ increases, 6 de- 
creases and the principal contributions to the scattered 
intensity arise from very-small-angle scattering. It is 
clear that in the limit #0 the representation of the 
incident wave by means of Eq. (3) becomes impossible. 
The inconsistency of the first order iteration procedure 
in momentum space becomes even more apparent from 
the following considerations. 

If the momentum-space first order method is used in 
the calculation of y“’ by means of (3.2), the first order 
correction to the wave function is found to be propor- 
tional to an integral containing integration over angles, 
as in 


fu ko) * kd. 


= (29 kho)>-i*#(2L+1)P 1 (kor kor) 
XOn((k-+ke?)/(2kko))F i(kr)/ (ker), (5) 


where the Q, are Legendre functions of the second kind. 
Since these contain terms in log! (k+ko)/(k—ko)], 
the integration in Eq. (3.2) brings in loge so that y" 
diverges. Since 


M+kd + he 
“Deke 2kko 
h+he 
wade “) |+ oat, 


where the terms left out contain the P, only, and since 
for k=ko the P, in this formula becomes unity, the 
terms in log(k—k») are seen to reproduce the incident 
wave but with an infinite coefficient. The application of 
the iteration procedures is seen to be inconsistent. It 
will be shown in the next section that the difficulties 
of the direct iteration procedure can be avoided by a 
change of method. 

The relation of Eq. (3.6) to the exact Mott-Gordon 
solution is seen from the expression for the wave func- 


(5.1) 
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tion in momentum space corresponding to the latter, 
viz., 


Cyo=4ak tS (2L+1)P1(Who/ bho) (hho) 
L 


xexptior) f F i (kr)F p*(kor)dr, (3.6') 
0 


where the o, are the usual constant Coulomb phase 
shifts and F,* is the regular Coulomb function for 
angular momentum L. If in this formula one sets ¢,=0 
and F,‘=F, and employs 


2 


f FP (k’r)F (Rr)dr = (x /2)6(k—k’), 
6 


there results 


(Cy*)’=h'5(p— po), (3.6'") 
but for any finite 9 the 6 function is smeared out by the 
phases in f° as well as the a, outside F,°. For small 9 
the smearing out is small, however, and in the calcula- 
tion of perturbing effects one may then replace (3.6’) 
by (3.6”). 

It is seen that the exact C,* can be constructed as in 
(3.6’) and the approximation of Eq. (3.6) and that it is 
essential to employ in the exact solution the factors 
exp(io,). The procedure which leads to (3.3) by the 
momentum-space method fails in the Coulomb case 
but the phase shifts nevertheless give the coordinate- 
space and momentum-space wave functions. 


3. COULOMB PHASE SHIFT METHOD 


It will first be shown that the nonrelativistic Cou- 
lomb phase shifts can be calculated by means of a first- 
order procedure forming an immediate extension of the 
Taylor formula.‘ By this means, one can then form an 
immediate extension of Gordon’s construction of the 
Coulomb wave. It will then be shown that a similar 
procedure may be used relativistically if results to 
order é& only are required, The relativistic treatment is 
carried out by making use of a simplification in energy 
expressions arising in the center-of-mass system. A 
general connection between energy and phase shift 
will be made use of. 

For the nonrelativistic problem for a particle without 
spin, the phase shift caused by the field inside a sphere 
of radius r can be calculated by means of* 


K.= -fw E)F "dp, (6) 


where E is the energy of the particle. In the case of two 
particles, E should be replaced by the energy of relative 


*H. M. Taylor, Proc. Roy. Soc. (London) A136, 605 (1932) 
+ Breit, Condon, and Present, Phys. Rev. 50, 825 (1936) 
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motion. Making use of 
@/rE=2n/p 


and employing the value of Fy unperturbed by the 
Coulomb field, there results 


(6.1) 


* 1—cos(2p) 
iKe=—n f —_————dp= —n[C +1n(2p)—Ci(2p)], 
0 p 


where C is the Euler constant 0.5772. .., and Ci(2p) is 


the cosine integral. For large p, 


6K o~—nLC+ln2p— (1/2p) sin2p]. (6.2) 


In the usual notation, the phase of the Coulomb wave at 
large r is 


p—Lxr/2—n\n2pt+o1, or=argl(L+1+in). (6.3) 


For 71, one has to first order in n the value of the 
Coulomb phase shift 


(6.4) 


o—Cn. 


For sufficiently large p, comparison of (6.2), (6.3), and 
(6.4) shows agreement of the phase for L=0. For 
n=0, employment of recurrence relations yields 


+1) f (Fip2—F 1*)dp/p= — (Fi4°+F 17)/2. (6.5) 
0 


Applying this formula to Eq. (6) and making use of 
the validity of the expression for the phase as in (6.3), 
it is seen from (6.5) that the addition to the value for 
n=0 caused by 7 in first order is 


an f (Fi4°—F 2?)dp/p=n/(L+1) 

Sarg(L+1+in)=n/(L+1). (6.6) 
This completes the verification of the agreement of 
phase shifts calculated as a first-order perturbation with 
those obtained from exact hypergeometric function 
solutions. Logically the verification could perhaps be 
dispensed with if it were not for the fact that the phase 
will be used below, including the 9 In(2p) part. For large 
p this part of the phase becomes large, while the assump- 
tion has been made in the derivation of Eq. (6) that 
‘6K, <1. A verification of the consistency of the 
method is desirable therefore. 

Gordon’s paper’ and a few additional considerations 
show that the Coulomb wave as generally used may 
be considered to be formed by means of the following 
limiting process. The radius R of the screening sphere 
is made large in comparison with the thickness of the 
transition region; the latter thickness is kept large in 
comparison with the wavelength so as to minimize 
reflections at the transition region. The incident y of 
Eq. (3) is modified by the sphere and its interior. For 
any R the wave function inside the sphere is a constant 














of absolute value 1 times a series the terms of which 
are as in 


v=D i4(2L+1)Pz(cosd)e*“F 1*/p (7) 
0 


except for the fact that beyond a certain L the terms are 
modified by the action of the screening sphere and are 
much smaller in absolute value. The values of L at 
which this takes place correspond approximately to 
classical angular momenta at which the screening 
sphere would be just missed by the incoming particle. 
The asymptotic form of F,° is 


(7.1) 


and the sum on the right side of Eq. (7) is thus seen to 
be obtainable by regarding 7; —» In(2kR) in accordance 
with (7.1) as the phase shift caused by the screening 
sphere with its interior and then discarding the factor 
e~ ‘1 Im2kR in the formula for ¥°. Equation (7) is equiva- 
lent to the standard hypergeometric formula for 
and the asymptotic form which gives Rutherford’s 
formula. It may be noted that ¥* is the wave function 
inside the Gordon sphere, i.¢., in the region of a pure 
Coulomb field. The applicability of ¥* to immediate 
calculation of scattering is contingent on the possibility 
of escape from the screening sphere without refraction 
and reflection. It may thus be shown that for R- 
the standard use of ¥° for the calculation of scattering 
becomes justifiable under most circumstances even 
though ¥° does not represent the wave outside the 
screening sphere. 

Employing the first-order phase shifts caused by 
é/r in integrals such as that on the right of Eq. (6), 
one obtains the phase shifts to first order in ». The 
possibility of carrying out a calculation to this order 
does not depend therefore on the availability of exact 
solutions such as the usual hypergeometric functions. 
The fact just mentioned might be considered to be 
trivial were it not for the care which must be exercised 
in the employment of first-order solutions, which has 
been discussed in Sec. 2 of the present paper. The result 
of employing Eq. (7) with first order phase shifts is 
free of the inconsistencies discussed in connection with 
the iteration procedure for the wave as a whole. The 
difficulty of large scattering at small angles is absent 
in the partial wave analysis method because the wave 
is constructed for any angle. 

In order to extend the method to the relativistic case, 
it is necessary to be able to calculate the relativistic 
phase shifts. Since the definition of phase shifts in the 
relativistic problem does not seem to have been clearly 
stated in the literature, these will now be introduced. 
The two-body wave function y will be considered in the 
system of the center of mass. For sufficiently large 
values of the distance r between the two particles, the 
wave function satisfies the equation for free particles. 
In order to secure this condition the particles must lie 


F.°~sin(p— Lr/2—7 In2p+¢1), 
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outside the Gordon sphere, which in the present case 
is taken in the space of r:— 1 of the interparticle dis- 
placement vector in the system of the center of mass. 
These equations are 


(E—2M)¥+en1+e1x0=0, 
m¥+Exi+7¢=0, 
rui¥+ Exu+me=0, 

ruxit mixut (E+ 2M) ¢=0, 


where the velocity of light ¢ has been set = 1 and where 
the representation of the Dirac matrices has been taken 
to be that of Dirac’s first papers, since it has the ad- 
vantage of easy passage to the nonrelativistic limit. 
The function ¥ is “large” in both particles, x; small in 
I and large in II, x1 large in I and small in I, ¢ small 
in both. The x are defined in the list of notation. The 
function © is just like the nonrelativistic function for 
two particles with spin and is suitable for the classifica- 
tion of states in the usual spectroscopic terminology of 
1So, *Si, “Po, *Po, *Pi, *Ps, states. Disregarding for 
the moment the phenomenon of coupling between states 
of different Z and the same J, every state *L,(s=1,3) 
is characterized by an asymptotic form of ¥ which 
consists of a linear combination of spin functions *y., 
angular space functions Y;,,, and a radial space 
function so that 


(c=1) 


(8) 


vay, Fi, (8.1) 
where 
Fz, s~const sin(kr— Lx/2+-6,, z)/r, (8.2) 
and 
LJ 
y= » )re w—mX me (8.3) 
m \p—m, m 


is the linear combination of products of space angular 
functions and spin functions corresponding to total 
angular momentum J, The asymptotic form of $,,, 
determines the phase shift 6;,, outside the Gordon 
sphere. The asymptotic form of ¥ determines through 
(8) the asymptotic forms of x1, xu, ¢ as well. The 
y"-/, entering these functions are not the same as those 
of the ¥ and the ‘L, classification is seen to give an 
incomplete view of y in much the same way as the 
specification *p, of a Dirac electron in a central field 
does not mean that the orbital angular momentum 
quantum number is 1, the specification of the state in 
terms of good quantum numbers being possible only in 
terms of Dirac’s k and the total angular momentum. In 
order to identify the state it is not necessary however 
to use good quantum numbers exclusively, the specifica- 
tion n *p, having a unique meaning for example. On 
account of interactions involving spin and space coordi- 
nates simultaneously, it is not possible to have in 
general only states of the form (8.1), states of different 
L and the same J becoming in general coupled to each 
other. If one neglects the formation of mesons or any 
other essentially inelastic processes, it is possible to 
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describe the system by means of real phase shifts,® 
the same phase shift affecting the phase of the functions 
for both L by the same amount. 

The change in the energy of a system can be con- 
nected with the value of a phase shift.’ In the reference 
just quoted, this connection has been studied non- 
relativistically. Without change of principle some 
modifications result in a relativistic consideration. A 
large sphere of radius Rg is used to quantize the wave 
function. The four components of ¥ are made to vanish 
on the surface of the quantizing sphere. The Gordon 
sphere of radius R&Rg encloses a region in the space of 
r= r;— fr inside of which electromagnetic and specifi- 
cally nuclear interactions are located, the region within 
which the latter take place being supposed to be much 
smaller than the Gordon sphere. 

At a distance R; between R and Ro. 


R<RKRog, (9) 


the phase of the function determined by interactions 
inside R and boundary conditions at r=0 has a value 
¢(R;). The existence of the phase, such as that occurring 
on the right side of Eq. (8.2) does not depend of course 
on the possibility of describing the interaction by means 
of a potential.* 

Since R,>R it is always possible to find a region 
inside the sphere of radius R, in which the application 
of a small static perturbing potential is physically 
possible. Such a perturbing potential, adiabatically 
applied, produces a change in energy of the state, the 
latter being defined by the boundary conditions at r=0 
and r= Rg, the number of nodes of V between these 
values of r remaining constant. For values of r>R, 
the phase is a definite concept for all but the higher L 
for which asymptotic forms such as (8.2) cease to hold. 
For these the phase can be defined by increasing r. A 
limitation is reached at uwwRg~10hL, but since h, ur is of 
nuclear dimensions the values of 1 which must be ex- 
ceeded in order that the concept of phase should break 
down are seen to be so large as to make this logical 
difficulty have no practical consequence, the omission 
of very large L introducing very narrow diffraction 
patterns. For any J of practical interest one thus has 
at R, a well-defined phase, ¢(R;), the sine of which 
gives the asymptotic form of §. The perturbing poten- 
tial 8V produces a change 5¢(R;) in ¢(R,) which may 
be identified with the change in phase shift 6(6,, »). 
Since for an adiabatic change in the wave function the 
phase at Rg must be left unchanged and since from 
R, to R the change in phase occurs only through a 
change in k, one has, considering that Re>R,, 


b¢(Ro) = Ro(dk ‘dEbE+6(6; ra 


* G. Breit, University of Pennsylvania Bicentennial Conference 
(University of Pennsylvania Press, Philadelphia, 1941) 
’G. Breit, Revs. Modern Phys. 23, 238 (1951) 


(9.1) 
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while, by first-order perturbation theory for energy, 


Rg RQ 
sE- f (OV Waster / f (W)uartdr, (9.2) 


0 


where the subscript sa on the scalar product sign means 
that the scalar product is taken over spin and angles 
only. Since the normalization integral occurring in the 
denominator of Eq. (9.2) is contributed to mainly by 
the region R,<r<Rg and since the spin-angular func- 
tion of Eq. (8.1) may be subjected to the normalization 


(¥"~,, Y" .)a= 1, (9.3) 


there follows from (9.1) 
dk fr” 
6(6, j=-2— f (WW, (6V)*), adr, (9.4) 
dE J, 


provided the normalized function y* has a “‘large- 
large” part W such that 


(OY).a~(l 29?) (VW) .0 r (WW) sa) ry (9.5) 


where ( ), means an average over r taken through a 
length of many wavelengths. The right side of this 
equation is arranged to be homogeneous in ¥ and y* 
taken together and the equation is therefore suitable 
for normalizing ¥. This normalization is such that 
((W* W*).e)-~1/ (2r*), so that the £ in the denominator 
of (9.2) is Rg/2 and (9.4) follows from the requirement 
5¢(Rg)=0 and (9.1). From (8), it follows on the 
other hand that 


(W" Wy"), =[4E?/(E14+-M)*\(¥¥),, (9.6) 


where subscript s indicates that the scalar product 
applies to the spin indices only. From (9.5) it follows 
that apart from an irrelevant constant factor of abso- 
lute value 1, 
v~[(E:+ M1) 2E1 |(y", r) 

Xsin(kr—Lr 2+61, 7). (9.7) 
In the case of coupled states this requirement has the 
obvious generalization 

( “ ) 
J 
* 
Gi+2 


=e E\+M 
(2) 
Vises" 2Ey 
Xsin(kr—Lae/2+6,, 7*), 


with 


(9.8) 


61) 7+ | ar42\7=1. (9.9) 


For each pair of coupled L there are two independent 
solutions corresponding to two real phase shifts 6*, 3°. 
The existence of two real phase shifts in the sense of 
(9.8) is immediately obvious from the fact that there 
exist in the quantizing sphere two linearly independent 
energy states arising from J=1+1 with coupling of 
Land L+2 to each other. In R; <r <Rg the change in 
energy affects & as it occurs in both components ¥,, , 
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and Wz42,; the phase at R, is consequently affected 
equally for both, and since at Rg the difference in ¢ 
caused by a change from L to L+2 is equivalent to a 
change in sign of the wave function, the phase at R; 
for the two components must be the same. In this 
case, (W*,(6V W’).. consists of 


Lam * an Wm, 7%, (5V Wn.) 


where the four large-large components of ¥.,,* form 
V,, , and where ¥; 42 7% and V,42 , are similarly related. 
Expression (9.4’) is to be substituted in place of the 
integrand in (9.4), the indices m, m taking on the values 
L, L+2 independently. 

The effects of the Coulomb field will now be calcu- 
lated. The calculation will be made first as though the 
Coulomb field is present alone. Nuclear interactions 
are supposed to be superposed on the electromagnetic 
field and to cause additional phase shifts. The starting 
point is thus the field-free case, and the phase shift to 
calculate is that caused by electromagnetic interactions 
inside the Gordon sphere. According to Eq. (9.1) the 
quantity 6£ is of primary interest, the occurrence of 
6V in Eq. (9.4) being only a consequence of the rela- 
‘tionship of 6V to 6£. The calculation of 6£ can be 
ycarried out rather simply by making use of an old 
result® according to which the operator 


(9.4’) 


(10) 


(e r)(1— aya) 


gives energy changes correctly to first order in e* pro- 
vided the exchange integrals A,,.;, arising in the treat- 
ment of identical particles are modified through the 
inclusion of factors 

E.—E,|, (10.1) 


cos(2erpp:/Xy1), Aw=C 


where s, ¢ designate single-particle states with energies 
E,, E:, and points P, P’ are variable points in the co- 
ordinate space of the particle over which the double 
integral representing A,:,+, is carried out. An appreci- 
able simplification occurs in the center-of-mass system, 
which makes it possible to use the operator of Eq. (10) 
directly. 
The center-of-mass system is defined by 


(pit pn v=. (11) 


The unperturbed wave function is therefore of the form 


y= i" f Cy exptik(ni—nu)iddp. (11.1) 


It consists of a superposition of plane waves with 
correlated momenta for particles I and II. The mo- 
mentum for particle I is #k and the momentum wave 
function C, depends on the 16 combinations of spin 
indices for the two particles. Since the wave function y 
is supposed to be that for two noninteracting particles 
in field-free space, the expansion (11.1) obviously 





*G. Breit, Phys. Rev. 34, 375, 553 (1929). 
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exists, as may be verified by constructing the eigen- 
functions explicitly in the above form. The analysis is 
furthermore restricted to one value of {k! because 
each elementary solution corresponds to the same 
total energy, 

E=2E;=2[M*+ p}}, (11.2) 


there being no interaction between the particles. This 
simplification would be absent if the zero-order eigen- 
functions were taken for an interacting field which 
would require the presence of different Z; and conse- 
quently of different {k| in the momentum space repre- 
sentation. The first order change in energy caused by 
the electromagnetic interaction may thus be calculated 
in the center-of-mass system as though there were no 
retardation effects, which enter only through the factors 
(10.1) which are unity since the £,—E,=0. 

In principle the problem is seen to be solved. The 
phase shifts may be computed by means of (9.4) and 
(9.4’). They will contain progressively varying parts 
such as appear in the nonrelativistic problem of Eqs. (6) 
through (6.6). The phase shifts with such parts give 
modifications of the wave like that in Eq. (7). There 
will appear some additional phase shifts which can 
be treated by copying the usual treatment of anomalies 
caused in nonrelativistic Coulomb scattering by the 
presence of non-Coulombian potentials. 

In view of the fact that according to (3.6) the re- 
placement of » by zero leads to a 6 function in momen- 
tum space, the effect of these additional terms can be 
calculated in first order in » by replacing the Coulomb 
wave by a 4 function in momentum space. This pro- 
cedure will be used in the present paper. On the other 
hand, the effect of phase shift containing terms varying 
with Iny will be taken into account by the Gordon 
sphere construction. This construction yields a Coulomb 
wave, the 6 function approximation to which is used for 
the calculation of effects of remaining phase shifts. 


4. REDUCTION TO EQUIVALENT WAVE EQUATIONS 


By means of Eq. (8), one obtains the spin scalar 
product for the norm as in Eq. (9.6). There is needed 
also the expectation value of the effective interaction 
energy. The calculation can be shortened through the 
partial use of momentum space. The employment of 
this space does not imply, however, a change of plan. 
It is only a short cut in the evaluation of the effects 
of the phase shifts, 

For two plane waves y, ¥’, one obtains for the spin 
scalar product: 


(v.[1— (ayer) W’).= N(¥,JV¥’),, (12) 
where 
V=([2E; (E:4+-M)F (12.1) 
and 
JF=JIitJSetJSitSitJs, (12,2) 
with 
NJ, =14+887+3(2+8"), (12.3) 
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(12.4) 
(12.5) 


NJ_= 20 ((8’— ESP —4(k'— &)S’), 
NJs=24CEX FPS — (LEX &')-S)*}, 


NI p= —99S0 (14+ F)(14+-&")-— 14+ F + 2" 
— (E-E’P—4(E-8’)], 


NJ y= i164 2(E -8’) )((EX#')-S), 
E=p/(E:+M), &'=p'/(£:+M). 


(12.6) 
(12.7) 
(12.8) 


Here p, p’ are respectively the momenta of y, ¥’. Since 
the results are needed only for states of equal energy, 
p=p’. The spin quantum number 5S, the eigenvalue of 
S*, is taken to be the same for the two plane waves and 
the expressions apply both for singlet and triplet waves. 
By conservation of parity the consideration of these 
possibilities suffices. 

For the singlets, J, is the only nonvanishing part of J. 
A simple calculation yields 


J,=1+(p E;)’. 


It may be noted incidentally that /,;—1 is the square of 
the classical velocity of either particle. Since J; is 
independent of the direction of p and since V multiplies 
(¥,¥), in Eq. (9.6) just as it multiplies (¥,/¥’), in 
Eq. (12.1), the quantity J, enters as a factor in the 
calculation of the phase shifts, since it enters the 
integral in Eq. (9.4). The effect of J, is seen to arise 
in the expression for the energy. The factor dk/dE in 
front of the integral also contains a relativistic effect, 
as is seen from 


E=2E,=1M?+#e}, 


(13) 


(13.1) 
which gives 


2dk/dE = E;/ (hk). (13.2) 


Nonrelativistically, the latter formula becomes 
2dk/dE=M/(hMv/2)=2/ (hv), (NR). 


The factor (E,;+M)/(2E;) in (9.7) enters to the second 
power in the integral in Eq. (9.4) through W but is 
canceled by V in Eq. (12). The remaining part of (9.7) 
is just like that of the nonrelativistic problem, but with 
the relativistic & entering F,. The two factors contain- 
ing relativistic effects combine to give 


(Er+ p*)/WEk, 


the nonrelativistic value of which is M/Ap=2/hv. The 
singlet phase shift accumulating in the Gordon sphere 


is thus 
Ef+f é 
Ky i fre = dr. 
hpEy r 
In other respects the construction of the modified plane 
wave takes place as sketched in connection with Eqs. 
(6.1) to (7.1) and (8) to (9.8). The only differences are 
in the relativistic & which enters F; and in the replace- 


ment 
(—* 
+ ) 


(13.2) 


(13.3) 


(13.4) 
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as may be seen either by noting that in the non- 
relativistic approximation the factor multiplying 
JS (F 2/r)dr is 2n as in Eqs. (6), (6.1) or by comparing 
the factor (13.3) with its nonrelativistic value. The 
quantity 7, can be conveniently expressed in terms of 1’, 
the velocity of the incident proton as measured in the 
laboratory system, in which the second proton is 
initially at rest. The relation of »’ to the velocity » of 
either proton measured in the center-of-mass system 
before the collision is 


v= 201, (1 +;*), 


Comparison with (13.5) shows that 


1=p Ey. (13.6) 


n= e/hv’. (13.7) 
The singlet scattering is thus described in the center- 
of-mass system by the Mott-Gordon y¥° with the re- 
placement of » by 9, and with the relativistic k= p/h, 
replacing the classical &. While it was expedient to 
relate the relativistic and nonrelativistic cases by noting 
their formal similarity, an explicit construction in 
terms of partial waves could be gone through. If it is 
desired to do so, Eq. (21), which is needed below for 
another purpose, will be found useful. 

Triplet scattering differs from the singlet through 
the presence of terms involving §, i.e., of Jo, Jz, Js, Js 
in Eq. (12.2). These quantities are associated with 
additional phase shifts which play the part of phase 
shifts caused by deviations from the Coulomb potential 
in the nonrelativistic theory of anomalous Coulomb 
scattering. Analyzing the 16-component function in 
plane waves as in Eq. (2.1), one can make use of 
Eq. (12) in a calculation of the expectation value of the 
quantity (10). The quantities J2, ---, Js; appear now 
in a double integral over k and k’ which has to be inte- 
grated over r to obtain the phase shifts. Since there are 
also present the factors exp(ik’r) and exp(—ikr), the 
components of p and p’ contained in &, &' can be re- 
placed by means of hd/idx, ---,d/idz’ provided the 
order of the factors is arranged as follows: 


Cexp(—ikr) J&--- ---&= exp(k’r), (14) 


the unprimed and primed variables appearing on the 
left and right respectively. The replacements 


En'—>(h/idtm’)/ (Ex+M) (14’) 


E> (h/idx,)/(E:1+M); 


can now be made, provided the operators are kept in the 
order mentioned, next to the respective exponentials. 
The factor e/r can be inserted in the middle of the ex- 
pression and the expectation value of expression (10) 
can be calculated so as to obtain the phase shifts. The 
step from (14) to (14’) involves partial integrations 
with respect to the x;. The parts outside the integral 
disappear in the usual manner provided y vanishes at 
x and provided the singularities of the integrand in the 
finite region of space do not make the part outside the 
integral arising in the partial integration go through 
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infinity. In the latter case wrong answers may result. 
Since 1/r is infinite at r=0, it will be modified into a 
finite function 


{1/r}~1/r. (15) 


This function differs from 1/r at very small distances 
only. Here it is taken to be finite and mildly rounded. 
Since it is probable that the employment of 1/r at 
very small distances is unjustifiable on account of the 
proton’s interaction with various fields* the employ- 
ment of {1/r} is preferable to that of 1/r. The partial 
integrations give vanishing parts outside the integrals, 
there being no need to exclude r=0 from the region 
covered by the integral. The replacement of the € is 
thus justifiable. Integration over p and p’ gives the wave 
function. Differential operators which have originated 
in &’ and & appear respectively to the right and left of 
{1/r}. It then becomes convenient to move some of the 
operators through {1/r} to the right, so as to exhibit 
interactions with familiar physical connotations. It is 
thus found that 


(¥,[1— aren: }{ (1 DW=N f wr), (16) 


where the scalar product on the left side of the equation 
is taken over all variables while that under the integral 
sign on the right is taken over spin variables only. 
The quantity J is 


T=1,4+]o+/;, (16.1) 


where, denoting d/dr by a prime, 


NI={1/r}+2°(1/r) p?/ (Er +M)* 


+3[p'{1/r}+(1/r} p?7/ (Ei +M), (16.2) 


{1/r}’ 
Nia=2h(E+M)*3 +(£,;+M)* 
r 


{1/r}' WA ({1/r}’/r) 
fit 


r or 


0 1 
<(2-']}as, aszy 
or fr 
, {1/r}’ 
NI.= -2 (E+ M)>| ( - -a1/n )s* 
r 


(r-S)? d({1/r}'/r) 
wh lth “| 2m 
r r 
d{/r}'/r {1 /r}! 
x|— —-A+-— [ps (9-8), (16.3) 
r 


rdr 

with 
A=L-(L-S)S+ih[(r-S)(p-S)—(r-p)S*}. (16.4) 
*W. Heisenberg, Festschrift zur Feier des 200 jahrigen 
Bestehens der Akad. Wiss. in Géttingen (1951); Comm. Pure 


Appl. Math. 4, No. 1 (1951); Z. Naturforsch. Sa, 251, 367 (1950); 
6a, 281 (1951). 
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Here /,, /, correspond, respectively, to J;, Js. The effect 
of J, is included in the construction of ¥ which is 
identical with that discussed for the singlet state. If J 
consisted entirely of 7, the only difference between 
the singlets and triplets would be in the spin function 
which can be present as a factor in ¥. Since § is con- 
tained in 7, and J; the spin dependence becomes more 
complicated on account of these terms. It may be taken 
into account by calculating additions to phase shifts 
caused by J, and J;. These additions will not require 
another change in the effective value of 7 such as took 
place for the singlet state. The reason for this qualita- 
tive difference between /, and /—/;, is that the latter 
does not give rise to the progressively varying phase 
shift terms such as —7 In2p, which require the presence 
of terms in 1/r in integrals of the type occurring in (9.4), 
It is not necessary therefore to modify the Gordon 
sphere construction in taking these phase shifts into 


account except for their inclusion in the values of the 


final phase shifts as in the theory of anomalous 
Coulomb scattering, modified however by the presence 
of coupling between states with different L and the 
same J. 

The spin-orbit effects are trustworthy to within the 
first order in e* only. It is therefore not possible to make 
an exact calculation by means of J of Eq. (12) or J of 
Eq. (16). The calculation of the effects of (16.2’), 
(16.3), (16.4) on the phase shifts and hence on the 
scattering matrix could in principle be carried out by 
combining the effects of specifically nuclear potentials 
with those of additions to the Hamiltonian that would 
reproduce the effects of (16.3), (16.4) exactly and then 
keeping only first order terms in &. Such a procedure 
would be cumbersome and perturbation methods sug- 
gest themselves. This part of the calculation could 
conceivably be performed in two arrangements: (a) 
obtaining the effects of the specifically nuclear potential 
first, including the calculation of the wave function. 
Having the wave function it is possible to calculate the 
phase shift changes caused by terms in e and to obtain 
the anomalies in the scattering arising from terms in 
(16.2), (16.3), (16.4). (b) Obtaining by means of 
(16.2’), (16.3), (16.4) changes in the Coulomb wave to 
first order in e*, outside the region of specifically nuclear 
interactions, calculating the combined effect within the 
region of nuclear forces, and joining the two branches of 
the wave function in the usual manner. Procedure (b) 
is obviously the more elaborate. Procedure (a) can be 
carried out as soon as there is available a wave function 
with neglect of the generalized spin-orbit terms. The 
consideration of this procedure shows that the first- 
order Coulomb effect as a whole as well as the spin- 
orbit terms cannot be calculated without the knowledge 
of the wave function corresponding to specifically 
nuclear interactions alone. The application of Eq. (6), 
with V representing the Coulombian and related effects, 
obviously gives different results depending on whether 
or not F,? includes the changes owing to the presence 
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of nuclear potentials. If the calculations were made in 
the order (b), these effects would be present also because 
the first-order change in the wave function caused by 
the spin-orbit forces affects the additional phase shift 
caused by the nuclear potential. 

In applications to high-energy scattering, the Cou- 
lomb effects are relatively small and an approximation 
in the evaluation of the first-order effects is permissible. 
It is obviously much simpler to calculate the generalized 
spin-orbit e terms in the absence of the nuclear poten- 
tial and to add their effect directly to the scattering 
matrix. This simplification will be used from now on 
in the present paper as a temporary expedient in secur- 
ing results of a not too elaborate form. It is possible, 
however, to take into account the effects of nuclear 
wave function distortion by subtracting from the 
scattered wave the first order effect of a particular set 
of partial waves and adding the change caused by calcu- 
lating the phase shifts by means of wave functions dis- 
torted by the nuclear potential. It may be remarked 
that the presence of related effects of interaction of 
meson and Coulomb fields would have to be considered 
also. 

In the calculation of the approximation just intro- 
duced, there are present Coulombian effects only. The 
derivation of J treats all Coulombian effects on the 
same footing, equal trust being put in all terms. On 
the other hand, at low energies the {1/r} part of J, 
is known to be nearly exact. There is some sense there- 
fore in attaching more significance to J, than to J», Z; 
and similarly to J, than to the other J. These non- 
relativistically exactly valid terms have been seen to 
follow from the Gordon sphere construction also in the 
relativistic case. The approximation under discussion 
will be used therefore for the remaining terms only. 
These include tensor-like interactions coupling states 
of different L and the same J to each other. The appli- 
cation of the phase-shift method to these cases will now 
be discussed. 

The effective energy operator for phase shift calcula- 
tion multiplied by suitable constants such as are found 
in Eqs. (6) and (9.4) will be called 4’. The fact that for 
each of the two coupled states a and 6 there is a definite 
phase shift 6* is expressed by 


Ws" AV") = ba9d", 


where the y,* are the eigenstates corresponding to 
definite phase shifts. They are expressible as 


(17) 


¥.°= 2 1 01°F Ly"”,, (17.1) 
so that 
Dd adr **hzs'a.*=5,98", (17.2) 
with 
his'= (Fr Y",,h'F 5Y™,). (17.2’) 


Since according to (17.2’) the 4z,4’ is Hermitean, Eq. 
(17.2) defines an eigenvalue problem for a Hermitean 
operator, and the ¢,* can be made to satisfy the unitary 
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conditions 
D1 a1%*a,*=s,5, 


the first of which is necessary for normalization and 
orthogonality of the g,* in (17.1) such as are required 
by the connection with the energy value treatment in a 
large sphere discussed in connection with Eq. (9). 
The phase shifts 6* obtainable from (17.2) give a change 
in the eigenstate 


VL 1 ar*(F +6) Yy,, 


only first order effects in 6* being taken into account. 
Multiplying this relation by a4** and summing over a, 
one has 


PY PY 4301 (Da an8%017)A Y"’,. (17.5) 


Changing L to L’ and A to A’ in Eq. (17.2) and then 
multiplying by a,%a,” and summing over a, 8 by means 
of (17.3), one finds 


his’=D a 21,%%a,™, 


(17.3) 


Doo O17 G4"=5 4, 


(17.4) 


(17.5’) 


and hence 
Fy OF SY" 42001 Ara’ ALy””,. 


The hz,’ are thus seen to enter in place of the Ta, 
of Eq. (3.2) of Breit, Ehrman, and Hull.’ In order that 
(T) be symmetric (h’) must be real, which is the case 
for real F, and the usual choice of the Y/7,. 

Equation (17.6) could have been derived by making 
a first order Born approximation calculation for the two 
coupled states, and its form is directly clear from this 
fact. However, the connection with the Gordon sphere 
construction would not have been apparent without 
tracing the transformations as has been done above. 
The close similarity of (h’) to an energy matrix is thus 
brought into evidence. 


(17.6) 


5. APPROXIMATE EVALUATION 


The evaluation made below is approximate in the 
sense of neglecting the effect of wave function distor- 
tion caused by specific internucleon interactions on the 
value of the first order effects. 

The term J; of J of Eqs. (12), (12.3) gave J, of J 
and has been seen to give the Gordon sphere treatment 
of the Mott-Gordon nonrelativistic formula, provided 
the quantity is suitably modified as in Eq. (13.7). 
The Mott-Gordon wave constructed in this manner 
will be taken here as the unperturbed wave. The remain- 
ing effects wil! be evaluated by noting that the contri- 
butions of J», ---, 5 are formally like those of a per- 
turbing part of a Hamiltonian in momentum space. 
One can evaluate the contribution to the scattering 
matrix § therefore by employing the known form of the 
part of S caused by J; and ascertaining the other con- 
tributions by comparison. 

Since the effects of J, , Js are not certain except 
in order &, the part of S caused by J; will be used 


~® Breit, Ehrman, and Hull, Phys. Rev. 97, 1051 (1955). 











neglecting all but first order effects in y in this part of S. 
One has 
Js/ Ji =i (Ei. + M) (221+ M)/ (QEP— M*)) 

X {1— (Ei— M)(1—x)/[2(2E1+M))} 


x (C(p/p)X (p’/p’)]-S), (18) 
with 
x= cos. (18’) 
Making use of 
S¢= (—n,/2ks*) exp{i[—7 Ins*]}}, 
a PULP —9 inetd (18.1) 


= kr—n, In(2kr)+- 200, 


as in the paper of Berit and Hull," one finds by means 


a2, 
S—S*= (e'*/k) | 2-taye** sind, 


| age*** sin, 
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of Eq. (18) that there is a contribution Aa, to the quan- 
tity a, of Breit and Ehrman”; 


A’a, = A’ay= — (#R/4E;) 
x (2(2E:+M)/C (Ei +M)(1—x)] 
— (E,;— M)/(E;+M))} exp(—in, Ins*), (18.2) 


where the inclusion of exp(—in,Ins*) has not been 
justified by the calculation as presented so far but can 
be inferred by a consideration of small angle scattering 
in the laboratory system. The whole term is principaily 
of interest for <1. For purposes of reference, the scat- 
tering matrix will be written out here in the notation of 
these references: 


aje** sin’? | 


as, —2-tae ‘¢ sind | (19) 


—2-laye’* sind, as 


rows and columns being labeled with spin magnetic quantum numbers in the order 1, 0, —1 from left to right as 
well as from top to bottom. In the form of Eq. (12.7), identification with Garren’s form* of the spin-orbit interac - 


tion caused by the Coulomb field is readily made. 


For the evaluation of effects of J, and J; it is convenient to have available 


se 1, —3vlece"'*, 3e%e te | 
((p’— p)S)*— 3 (p’— p)*S?= 4 p’s* | —3v2sce'*, 2(1—3s*), 3v2ece~'*/, (19.1) 
| 3eteie, 3v2sce'*, — 3s?—1 
= 2p’s*M» 
and 
—1, 0, —3e¢e mt 
| (19.2) 


1S (p/p) (p'/ p’) F—C(w/p) x ('/p")]-S°'= — 8 sin’ | Sic i® +h 
Lee 


Employing these matrices and the expressions for J2, J3 
again in comparison with /,;, one obtains as contribu- 
tions to S the following combination: 


(As+Asz \S= (2/4E; )e’* 


x {—-I.—[(E:— M)/(E1+M) Jem}. (20) 


The effect of J, is to add a constant to all diagonal 
matrix elements of S, viz., 


AS mm= (€2/4E;) 
 {(8/3)+ (4/3) (E:1— M)/ (E14+-M) jeje. (20.1) 
Collecting all contributions except for that in Eq. (18.2) 


and comparing with the form of S in terms of a, a2, ---, 
a;, one finds for the effect of J—J;: 


Aa; = Aay= (Pk /4E;), (20.2) 
Aa,/ da, = 3—8?+[ (FE: — M)/(E:+M) Je’, (20.3) 
Aa;/Aa;= — E;/[2(E1+M)s*], (20.4) 
Aas/ Aa; = 2+28?+2[ (E:— M)/(E:+M) ec. (20.5) 


~w G. Breit and M. H. Hull, Phys. Rev. 97, 1047 (1955). 


—3e", 0, 


I 


4 (sin?0)Ms 

It will be noted that Aa, ---, Aas are finite at @=0 
and that according to (19) the contributions to S 
caused by them are finite also. According to Eqs. (18.2) 
and (19) the contributions to S caused by A’a; and 
A’a, become infinite as 1/4 at 6=0. The question arises 
as to whether this circumstance vitiates the treatment. 
Were the treatment based on an equation in momen- 
tum space such as Eq. (2.2), there would indeed be 
doubt regarding the legitimacy of using the terms. The 
considerations used here are equivalent, however, to a 
construction of the wave function by means of the 
Gordon sphere making use of phase shifts, and the 
question does not arise as is seen by recalling that: 
(a) The standard nonrelativistic Coulomb wave has a 
scattered wave part which can be calculated as the 
result of phase shift effects in the Gordon sphere. (b) 
The calculation by means of Eq. (12) as in Eqs. (18) to 
(20.5) gives the effects on S which would exist if the 
remainder of the wave were a plane wave and is for this 
reason equivalent to a calculation by means of phase 


iG. Breit and J. B. Ehrman, Phys. Rev. 96, 805 (1954); see 
also reference 10. 
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shifts employing the additions of the phase caused by 
Jz, ---, Js to the first order in these additional phase 
shifts, i.e., to the same accuracy to which the starting 
point of the calculation justifies their use. These two 
points will now be presented more fully. 

Regarding (a), one verifies by standard procedures 
that excepting 6=0 [see (3.6’), (3.6’")], 


n exp{—inin(i—-x)} 
ee =i > (L+4)P1(x) 
L 


Xexp{il2(¢,—¢0)—n In2}, (21) 


and a consideration with the Gordon sphere brings in 
the quantity on the right side in such a manner as to 
give the quantity on the left as the well-known factor 
in the expression for the Coulomb scattered wave. The 
left side is infinite at small angles but the phase shift 
construction holds nevertheless. The objection to an 
infinite amplitude arises only if the scattered wave is 
calculated by means of the assumption that the incident 
wave is the only one that need be considered in solving 
for the scattered wave by first order iteration in mo- 
mentum space. 

The calculation of S took place employing phase 
shifts. Since the triplet states of odd L for two particles 
with equal masses are antisymmetric, the phase shifts 
are applicable to p-p scattering. The matrix S is ap- 
plicable to nonidentical particles." For identical 
particles in triplet states the convenient matrix is" -” 

S*(0)=[S(0)—S(e—8) ]/v2. 

Regarding (b), the essential features can be described 
by considering the asymptotic form of the scattered 
part of Coulomb wave for a spinless particle: 
¥.°~—[n/k(r—2) ] exp{ilkr—n Ink(r—2z)+ 200 ]} 

+S°[ (2L+1)/p)P, sink, 
Xexp{i(oe—n In2oe+Kzi+20,)}. (22) 
For non-Coulombian scattering, an incident e“** gives 
a scattered wave 


¥.~L[(2L4+1)/p]P 1 sink, exp{i(o+K,)}, (22.1) 


which will be considered for the same values of the small 
phase shifts K, as for the Coulomb wave in Eq. (22). 
These small phase shifts represent the effects of 
Js, >> +, Js, i.e., of Int], in (16.3). The calculation by 
means of J;+---+Js, employing an incident plane 
wave and including first order effects only, gives (22.1) 
which is equivalent to the employment of 


¥ 1 ((2L+1)/p PK re”. (22.1') 


Should these phase shifts be used to the same order in 
(22), their contribution would be 


>: [(2L+1) plP LK ie o~9 inp) Pier 


1—<x 


(22") 


The method used gives the phase shifts to the first 
order in terms of free wave functions as a starting point 
—as in Eqs. (6) to (6.6). Being calculated by means of 
free waves they correspond to the J,+ - --+Js calcula- 
tion in momentum space. Since these phase shifts are 
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not available more accurately, the strict employment of 
(22) is not justifiable, for it would imply the knowledge 
of phase shifts caused by J+ - - -+s in higher orders. 
In (22’) the inclusion of the effect of the a, produces 
formally an effect of second order in é or 7. Its inclusion 
would not be justified by the present calculation be- 
cause corrections to the K, in the next order of n could 
offset the refinement caused by the inclusion of the ez. 

The argument given against the inclusion of higher 
order effects in the spin-orbit terms has the appearance 
of disqualifying the solution for singlet scattering, i.e., 
the part of the solution corresponding to J, alone. It is 
indeed true that more accurate calculations can be 
expected to give corrections of order 9” in S and the 
usual Coulomb wave formula already contains terms of 
order 7’. On the other hand, the summation of the right 
side of (21) with the relativistic is the only solution 
of the problem including J; free of contradiction. If 
one were to disregard the terms in & and £ entering J;, 
there would be left over progressive phase shifts in- 
volving Inr which cannot be managed by a procedure 
like that in Eqs. (22) to (22"). In this respect J; requires 
a different treatment from the remainder of J. 

The inclusion of exp(—in Ins*) in S¢ and the validity 
of S¢ to higher than the first order in é& for small-angle 
scattering may be justified by noting that in the labora- 
tory system these collisions appear to a good approxi- 
mation as though they took place from a fixed center 
of force. The recoil energy is approximately ©? times 
the incident energy so that for 9=} and E=300 Mev 
the recoil proton has an energy under 10 Mev. Scatter- 
ing from a fixed center has been treated relativistically 
by Mott.” His results as they appear in the papers just 
quoted are hard to follow for the application made below 
and have been worked out for an attractive rather than 
repulsive field of force. They may be presented as 
follows. The wave function of a Dirac particle in a 
Coulomb field may be represented in terms of spherical 
harmonics and radial functions as shown by Darwin."* 
For the special case of total angular momentum having a 
z component 3, the solutions have the form 


i[L/(2L—1) }¥ 1_1°f(r) 
if (L—1)/(2L—1) } ¥-1' f(r) 
[L/(2L+1)}*¥ 1°¢(r) 


—[(L+1)/(2L+1)}'¥1'g(r) 
(J=L—}, s=L), 


| 
v= 


(23) 


(il (L+1)/(2L4+-3)}'¥ r4:° f(r) 
— | =i (L4+2)/QL43)P¥ 'f)| 
C(L+1)/ (2241) ¥ ier) 
| (L/(2L+1) }¥ g(r) 
(J=L+4, s=—L-1), 
“WN. F. Mott, Proc. Roy. Soc. (London) A124, 425 (1929); 


A135, 429 (1932). 
* C. G. Darwin, Proc. Roy. Soc. (London) A118, 654 (1928). 


(23.1) 








HIGH- 
with 
ke (2L+1)/4}'P1(cos®), (23.1 
u=—[(2L+1)/4e}[L(L+1)}3 ms 
Xe'* sinO P,’'(cos@). 


The Dirac quantum number & is here denoted by s. 
Here ©, ® are polar angles in the laboratory system. 
The azimuthal angle @ is here denoted by the same 
symbol as ® of Eq. (18.1), no confusion being likely to 
arise due to this double use of @. The original Dirac 
choice of a matrices is used here but the choice of radial 
functions is slightly different. If one employs#/Mc, Mc 
as units of length and energy, f and g satisfy 


(1 2)e(Se i 
(2) (Ee 


The energy of the single particle is denoted by «. The 
radial equations have the solutions: 


f—il(e—1)/(e+1) Jig 


(23.2) 


=crtewrm (at1+ = , 28+1, -2ier), (23.3) 
f+iL(e—1)/(e+1) eg 


1ey 
—creverrou (a+, 28+1, tier), (23.4) 
k 


where 


B=(s'—y7)), «= (e@—1)}, (23.5) 


iy 
o-(6e') (2) 
A 
These expressions give different asymptotic forms for 
cases (a) and (b) of Eqs. (23), (23.1), viz., 


and 
(23.6) 


pg?~sin[_ p— (Lx/2)— In2e+e1*], (24° 
pg’~sin[p— (Lx/2)—9 In2p+ex"], ) 
where 
n= ey/k, (24.1) 
o1*= (x/2)(L—81)+argl (81 +1+1e7/«) 
+4 tan“ (y/«L)—4} tan (ey/xBz), (24.2) 
= (w/2)(L+1—B141]+argl (Bi41t+iey/«) 
+4 tan“ (ey/«B8141)—} tan [y/«(L+1)], (24.3) 
where 
8.=(L—y*)!. 
The Mott solution corresponds to taking 
¥= (49)! Fo, Lc exp(ior*) 
+(L+1)," exp(ia,") ]. (25) 
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For small-angle collisions the main contributions arise 
from large values of L, so that a first approximation is 
obtained by setting 


(26) 


resulting in 
o,°So,'Sargl (L+1+ i»). (26.1) 


These values inserted in Eqs. (24), (25) give for the 
third component of y¥, 


ps~d 1 1*(2L+1)P ree 
Xsin(e—Lxr/2—9 In2p+e,), (26.2) 


use having been made of (23), (23.1), and (23.2). 
The terms in the summation are understood to be modi- 
fied at large L because for any p one can find a suffi- 
ciently large ZL to invalidate the asymptotic forms. 
For such L the considerations made by means of Eqs. 
(24.2), (24.3) do not apply. On the other hand, for 
large L and given p the radial equation for g becomes 


Y Y y/r 
(Yo) 
r r et+1—y/r 


d 1+s @ 2d _  s(s+1) 
—+—) nic gl “ro. (26.3) 
tee , 


dr rdr r 


The last three terms in this equation are just like corre- 
sponding terms in the nonrelativistic equation including 
these terms as well, and the combinations with terms 
in @—1 and —2ey/r resulting from the first term in the 
equation may be written as 


a lCU 2d s(s+1) 
E fo le =(), 
xr d(xr)? (xr)d(«r) (xr)? 


with 9 as in (24.1). This equation is just like the non- 
relativistic one except for the occurrence of the rela- 
tivistic » and x. The asymptotic forms obtained from 
Eqs. (24), (24.2), (24.3) in the approximation of 
Eq. (26) are seen to be consistent with it. This circum- 
stance may be expected from the fact that for large 
L=s the region with r< than r=|s| is not important. 
For large |s| =r, however, the terms which have been 
omitted in (26.3) in order to obtain (26.4) are of rela- 
tive order y/s*, some of them involving ¢ besides. The 
approach of the relativistic phases to the classical ones 
is thus readily understandable. 

As L increases in Eq. (26.2), it reaches a value ~r 
after which the terms as written have to be modified 
because of the inapplicability of asymptotic forms. 
The discussion for large L which has just been gone 
through in connection with Eqs. (26.3), (26.4) shows 
that the difference in the left sides of these equations 
is of the order y/L? for values of r close to the classical 
turning point of the centrifugal barrier. The decrease 
in the absolute value of the omitted terms takes place 
therefore in nearly the same manner in the nonrela- 
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tivistic and relativistic cases, and the agreement is 
improved as ©—0) because contributions from the small 
L become increasingly less important. The right side of 
Eq. (26.2) may be replaced therefore by the non- 
relativistic formula for the Coulomb wave. In the small- 
angle approximation the Coulomb wave contains the 
factor exp{—in In(1—cos@)}. This factor is related to 
the phases obtained in the c.m. system by 


28° = (y+1) sin?6/[1+4(y—1) sin?6] 
~(y+1)[1—4(y—1)@] sin’, = (27) 
6= (1—9"/¢e)-4. 


For small scattering angles, one has therefore 


rc 


exp{ —in In sin? O}=[ 1—4(y—1)in 9? ] 


Xexp{ —in In 2s8?/(y+1)}},  (27’) 
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and to a good approximation the factor exp(— iy Ins*) 
is reproduced. On the other hand there is seen to be a 
term in »@ coming in as a correction so that exact 
agreement is not proved. The calculation just presented 
is very similar to that which gave Eq. (5.27) of Mott’s 
second paper. The role played by large L for small 0 
would not have been clear however with a direct use of 
Mott’s paper. 

The consideration of the small-angle scattering in the 
laboratory system is seen to support conclusions drawn 
from the two-body phase shift approach. 
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Scattering phase shifts for the relativistic corrections to the ordinary Coulomb interaction between two 


rotons are calculated in 


shifts is obtained and shown to agree 


N the preceding paper,' the relativistic corrections 

to the Coulomb scattering of two identical particles 
were discussed in terms of the equation derived by 
Breit for first order changes in the energy.? It was shown 
there that the matrix element of the interaction energy 
of the two particles, H’, may be written as 


1 ~ @yary 1 
H’ e(v v) e(v (1+ 247+3(¢+ 27) 


r 


+ 23+ (E-€')(LEXE']-S)} — 2(€- 
+2{ (t’—&) S}—2((ext') $y") (1) 


lhe notation is the same as that in the preceding paper; 
in particular ¢ is related to the momentum of one of the 
particles in the center-of-mass system by 


E=p/ (Ei: +), 


* This research was supported by the Office of Ordnance Re- 
search, U. S, Army 

' G. Breit, preceding paper. Henceforth, this paper is referred to 
as B 
*G. Breit, Phys. Rev. 34, 553 (1929 


the first Born approximation. The scattering matrix resulting from these phase 
with the results of the preceding paper 


the primed and unprimed symbols referring to values 
appropriate to the incident and final wave function, 
respectively. Furthermore, the spinor W is that compo- 
nent of the wave function of the relative motion y which 
is large if both particles are of positive energy. In the 
treatment of the preceding paper,' the singlet and main 
nonspin dependent triplet terms were treated by means 
of phase shifts and in coordinate space, while the 
remaining terms were evaluated in first Born approxi- 
mation in momentum space after this procedure was 
shown to be equivalent, to first order in e*, to a-phase 
shift treatment. It is of some interest to consider these 
spin dependent terms also in terms of phase shifts. By 
doing so a verification of the argument regarding the 
equivalence of the direct phase shift treatment and the 
momentum space calculations is provided and the 
values of the phase shifts which are modified by specifi- 
cally nuclear forces are made available. If the initial and 
final scattering states are represented by configuration- 
space wave functions, a corresponding expression may be 
written for H’, with — and &’ replaced by their operator 
equivalents. Regrouping terms in Eqs. (16)—(16.4) of B 
one obtains for the matrix element 


H=H.'+H +H '+H 2, (2) 
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where 


Pune 3 
ne +—— 


1 
uae fel + 
r (Ex+M)* (E;+M)? 


«(of }+[FJo) rae 
wine fr (E,+M) ae |: + sw(t-| 
2('()(2-")) Jess 
er “f(y -a|°})s (3) 
“ened 
ee Sealy es 


+hL-S+ihl(r-S)(p-S)—(r-p)S*]}} 


ist,’ 
~ | Cos (w-8)") wer 
rir 


The matrix elements H,’, Hy’ and H.’+-H4' correspond, 
respectively, to the operators VJ,, NJ. and NJ; of the 
preceding paper.' The operator p in these expressions 
stands for (h/i)¥, the factors involving derivatives with 
respect to r coming from the commutators of p with r. 
The quantity {1/r} is a function of r analytic at the 
origin and arbitrarily close to 1/r elsewhere. The nota- 
tion {1/r}’ means (0/dr){1/r}. The limit {1/r}—+1/r is 
taken after the integrations have been performed. A 
justification of this procedure is given in Sec. IV of B. 
The first term in (2) is spin-independent and the only 
one surviving in the singlet states. The second term is 
the matrix element of a vector operator in the space of 
S, and the third involves a tensor operator in § space. 
These terms are of order (E;— M)/(E;+M) relative to 
the first, and the fourth term is of this same order 
relative to the second and third. 

In the first Born approximation, the wave functions y 
and y’ represent free-particle waves, which, for the 
purpose of evaluating phase shifts, are chosen to be 
spherical. The functions ¥ then have the form 


= (1/r)Fi(r)y?,, (4) 


in which F;, is the regular solution to the differential 
equation for r times the radial wave function. The 
normalization is such that 


fyrya=t, (5) 
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and 
F,~sin(«r—L/2). 


These functions have the properties 
Sv=S(S+1)¥, DW=L(L+1)¥, p¥=e¥, (6) 


with A*x*= E?—M*. Henceforth, states of the two- 
particle system will be labelled by values of the orbital 
angular momentum L and total angular momentum J 
appropriate for the component ¥. 

The scattering phase shifts 5;,, are related to the 
diagonal matrix elements for the states J, L by [see 
Eqs. (9.2), (9.4), (13.2), (17.2’), and (17.5’) of B] 


6,,.9=—[(E:+M)/2EyP(Er/W) Hz, 9’ (7) 


An additional contribution to the scattering matrix will 
be supplied by the off-diagonal matrix elements, which 
are most conveniently handled in terms of the 7 matrix 
of Breit, Ehrman, and Hull.’ As is shown in Eqs. (17) to 
(17.6) of B, the same relation exists between the 
elements of H’ and of T as that between H’ and 4, given 
in (7). 

Suitable treatment of the integral in (3), as has been 
discussed in B, shows that this term gives rise to the 
usual Coulomb phase shift, ¢, = argl’(L+1+-in,), where, 


’ (8) 


e é (i+0;/c) 
"r 4 = - 
h 


he’ 20 


and 1, v’ are the velocities of the incident particle in the 
center-of-momentum and laboratory systems, respec- 
tively. This in turn contributes a diagonal term to the 
scattering matrix of the form 


— (n,/2xs*) exp{ —i[n, Ins?—p+n, In2p—200}}, (9) 


where s=sin(@/2). The identity of the particles is meant 
to be treated as in Breit and Hull.‘ 

A straightforward evaluation of the integrals involved 
for L>2 leads to the phase shifts listed in Table I. For 
convenience, the following notation is introduced : 


Kexe/4E;; S8&=@(E;—M)/(E:+M). (10) 


Taste I. Phase shifts 4, ,, in units of («e/4E;), 
from Ay’, H.’, Hd for L>2. 


| ae _From Hy’ 


From H.’ From Hd 


1 ote ae 1 & 
L,L—-1 —~-(3+68) m i 
L LQL—1) 


LQL—1) 


1 1 g 
— + (34+ 6) _-— 
L(L+1) L(L+1) L(L+1) 
1 1 £ 
——(3+ &) - ee ee een 
L+1 (L+1)(2L4+3) (L+1)QL+3) 


L,L+1 


* Breit, Ehrman, and Hull, Phys. Rev. 97, 1051 (1955). 
*G. Breit and M. H. Hull, Jr., Phys. Rev. 97, 1047 (1955). 
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Taste Il. Phase shifts 4, ,, in units of (xe*/4E;), 
from H,', H.’, H/, for L=0, 1 
From Hy’ From H/ From H/ 
0,1 0 8/3 if 
1,0 — (3+46) -] sé 
1,1 —4(3+48 -} he 
1,2 4(3+48 —1/10 (7/M)é 


It is not proper to put L=0 or 1 in the general ex- 
pressions for the phase shifts given in Table I. These 
general formulas have been obtained by letting {1/r}— 
1/r in the integrand of the integrals in question, a 
procedure justified by the fact that the integrals are 
uniformly convergent for L>2. This convergence does 
not obtain for L=0, 1 so that it is not unexpected that 
following the prescribed procedure of letting {1/r}—>+1/r 
after the integrations have been performed leads to 
results different from those obtained by letting L—0, 1 
in the general expressions of Table I. The phase shifts 
for L=0 and L=1 are given in Table II. 

Only H.’ and H/ give contributions to the T matrix, 
which are handled in a similar manner. The results are 
shown below, the general expression this time being 
valid for all L20 


Ti, 142™ Try21=K(1+ 8) 


{(2L+3)[(L+1)(L+2)}}. (11) 


It is to be noted that these phase shifts represent only 
the lowest term in an expansion of the exact phase 
shifts in powers of n. 

The scattering of a partial wave of specified L will be 
composed of contributions, described by 6, ,, from each 
of the three values of J allowed for a given L, in addition 
to further scattering, described by T ,, 142, from the 
states L+2. In the presence of an additional interaction 
of the tensor type, it may prove desirable to treat the 
diagonal contributions to the scattering matrix differ- 
ently from the nondiagonal contributions. Therefore 
this separation is made here in dealing with the Coulomb 
corrections. The various partial waves may be combined 
to give the total scattered wave and hence the S-matrix ; 
convenient formulas for this are to be found in Breit and 
Hull‘ and in Breit, Ehrman, and Hull.’ In this connec- 
tion it may be remarked that to the lowest order in n, the 
scattering phase shifts 6 are of course identical with the 
functions QO, »=exp(té, 7) sind, used there. These 
formulas describe the scattering of a nonrelativistic 
Coulomb wave, the purely Coulomb part of the scat- 
tering being included in the factors ¢,, »>=exp(2ie,, 9), in 
which ¢,, o is the Coulomb phase shift of the Lth partial 
wave relative to that of the Z=0 wave. According 
to Eq. (13) of B, however, the matrix element H,’, 
which is the part analogous to the nonrelativistic 
Coulomb interaction, gave just the usual formula for the 
Coulomb phase shift, save for a modification in the 
definition of 7. It might be assumed, therefore, that using 
such a modified ¢,,» in the expression for the scattering 
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of the partial waves would correspond to taking into 
account exactly the scattering given by H,’. Extreme 
care must be taken in this regard, however. The phase 
shifts are known only to first order in 9, as mentioned 
before. Thus a consistent treatment based upon an 
expansion in powers of » would demand that ez,» be 
replaced by its value for »=0, that is, unity. This in fact 
introduces considerable simplification into the summing 
of the infinite series involved. The series may then be 
reduced to sums over functions of L times P, or its 
derivatives, together with a few extra terms to take 
account of special behavior for L=0, 1. The functions of 
L take the form of ratios of polynomials which, however, 
are factorable into products of terms linear in L. The 
theory of partial fractions may then be used to convert 
the summations into linear combinations of the function 
F (a,x) and of its derivative and integral with respect to 
x. The function F (a,x) is defined by 


x P(x) 
F(a,x)= > ——, 
L~o L+a 


where a is an integer or rational fraction. The generating 
function for Legendre polynomials may be used to show 
that 


' h®"'dh 
F (a,x) -f - . 
» (1— hehe)! 


and on performing the indicated integration, one is led 
to elliptic functions for the values of a in question. 
Alternatively it may be noted that the combination 


(12) 


)Pu(a)=—eP\(-2), (13) 


ie 9 
= (——- 
LO\2L+3 2L-1 


occurs in most of the sums. The Legendre function of the 
first kind of order one-half, P,, may, in turn, be ex- 
pressed in terms of elliptic functions. 

If the scattering matrix is parametrized in terms of 
the a’s introduced previously,‘ the contributions from 
the various parts of the interaction matrix are as 


follows. 


From H,’: 
a, = —a,'” = —K(1—x)" (3+ Sz), (14) 
where x=cos@. 
From the diagonal parts of H,’: 
a,\* =a, ? = K(1—x*)"! 
x{— (1+2)+ (1—x)K+2xE], 
a; = K(3+4K—E), - 
“8 (15) 
a; = —K(1—2*)*L— (x+1)* 
—4(x—3)(x4+1)K+(2+3)E], 
a,‘ = —K(—2+K-—2E), 
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where K, E are complete elliptic integrals of the first and 
second kinds, respectively, with arguments &?= } (1+). 
From the diagonal parts of H ,’: 
a =a, =KE(1—2) 
X[(x+1)(x—2)-+(1—2)K+2xE], 
a9 =K8(14+4K—E 
a3? = —K§(1—2*) *[ — (x41)? 
—}(2—3)(x—1)K + (+3) E], 
as‘? = —K6(—2x+K—2E). 
From the nondiagonal parts of H,’: 
bay’? = Aa? = —K (1-22) 
X[(x+ 1) (x—2)+ (1—x)K+2xE], 
Aas‘ = —}Aas = —K[}(1—x)+4K—E], 
Aas‘? = — K(1—2*)-* — 4 (x—3) (x41)? 
+4 (x—3)(x+1)K — (22+3)E]. 
From the nondiagonal! parts of H 4’: 
Bay’? = Aa’? = —KE(1—2)-* 
X ((a+1)(x—2)+ (1-2) K+ 22xE], 
Aa,'? = —} Aa,” = —KS[4(1—x) + 4K-—E], 
Aas’? = K&(1—2*)*[4 (x+ 1)?(x— 3) 
—4}(x—3)(x—1)K+(2°+3)E]. 


(18) 


Combining the diagonal and nondiagonal parts from H,’ 
and H 4’ one obtains the following simpler expressions. 
From H,’: 


ay’? =a,' = K, 
az‘ = K[3—}(1—z)], 
ax =—KH(1—2)"] 
as? = K(3—z). 

From H,’: 


a? =a,” =0, 

a2’? = KS} (1+2), 

a;? = —KS[4(1—x)-], 
as’? = KS(1+2). 
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For comparison, the results of summing the partial 
waves for the scattering by H,’, using the exact ex- 
pression for ¢;, » together with the first Born approxima- 
tion phase shifts, are given below. The summation in 
this case has been performed by using the following 
integral representation for e,, »: 


1 = 
co ———(2) eet f dyer MiG), (21) 
I'(in) 0 


where /,(y) is the modified Bessel function of the first 
kind of imaginary argument. This representation is 
obtainable from the Mellin transform of the quotient of 
two gamma functions. The terms not containing 
exp(—inins*) come from the L=0 and L=1 phase 
shifts. There results: 


3 
a= — K; ——- exp(—in Ins?) —-——— 
1—x* 1+<x 


2 
a 
i—# 

Since terms of order 7’ and higher have been neglected 
in the calculation of the phase shifts, the appearance of 
terms not having exp(— i» Ins*) may not be significant. 
Such terms may be modified in a treatment including 
higher order effects in » consistently. 

The scattering matrix obtained here agrees in the 
lowest order in » with that obtained by Breit directly 
from Eq. (1) ;' the contributions from H,’ and H,’ agree 
with the result of Garren® to the same order in 7. 


-exp(—in ins) (22) 
l1—in 1+2 


ACKNOWLEDGMENTS 


The authors would like to express their appreciation 
to Professor G. Breit for suggesting this calculation and 
many helpful discussions during the course of the work. 


* A. Garren, Phys. Rev. 96, 1709 (1954); U. S. Atomic Energy 
Commission Report NYO-7102, Carnegie Institute of Technology, 
March 1, 1955 (unpublished). 





VOLUME 99 


NUMBER 5 SEPTEMBER 1, 1955 


Necessary Condition for Positive Definite Energy 


Rosert L. Pease, Department of Physics, Tufts College, Medford, Massachusetts 


AND 


JANE PEASE 


Department of Mathematics, Northeastern University, Boston, Massachusetts 


Received March 8, 1955 


A necessary condition for positive definite energy density of the plane-wave components of a system 
described by a linear first-order wave equation is expressed as a condition on the wave-equation matrices 


alone. Hence the conditi 


m for positive-definite total energy of a system may be applied without the need for 


extracting the Hermitizing operator. The criterion is applicd to a system discussed by Bhabha. 


Kk )R a system described by the linear equation, 


(i8*0/dx*+«)W~=0, (~=0,1,2,3), (1) 


it can be shown that the (unsymmetrized) energy 
density may be written as 


7” = — thy’ DS’ oy /dxo, (2) 


where ¥! is the Hermitian adjoint of y and D is a 
Hermitizing operator obeying the relations 


DS —SD=0, 
DBs'+8'D=0, 
P=1. 


j=1,2,3), 


In the special frame of reference in which a given 
plane-wave component is at rest, that component of 
the field function obeys the equation 


(18°08 /dx°+«n)~=0, (4 
whence in this frame (2) may be replaced by 
T® = tiny Dy. (5) 


Since D and 8° commute, it is possible to choose a 
representation in which both simultaneously 
diagonal. It follows from (4) that in such a representa- 


are 


tion those components of ¥ corresponding to the zero 
eigenvalues of 8° are zero and must be eliminated if the 
system is to be quantized. Let a projection operator 


P(8°) be defined such that 
0, #0 
P (8°) = ; 
1, otherwise, 


where the symbol (=) means “has the eigenvalue.” 


Then the function y may be replaced in (5) by Py, i.e., 

Tl =tha'DPy, (7) 

and consequently the condition for positive definite 
plane-wave energy density may be written as 

DP>0 (8) 


The aim of the present note is to show that from (8 
there may be derived an easily applicable necessary 
condition 


According to (3c), the operator D has eigenvalues 
+1, so that, in the diagonal representation chosen, 


(D) xy= bu. (9) 


In order for condition (8) to be satisfied, it is necessary 
that the eigenvalue of P be zero whenever the eigenvalue 
of D is —1. But P is defined in (6) to have a zero 
eigenvalue if and only if 8° does also. Consequently, 
the condition for positive definite plane-wave energy 
density may be written: 


if (D)n=-—1, then (6°),,=0. (10) 


But from (3a) (premultiplied by D) and (3c) it follows 
that 


B!= — Ds'D, (11) 


or, in terms of components, since D was chosen diagonal, 
that 
(B*)er= —(D)ax(B) t(D) uv, (12) 


whence, from (9), for a given choice of & and J, either 


(8’),,=0 (13a) 


or 
in which case either 
(Dinu —1 


(8B) XO, 


(D)ip=—1 = OF (but not both); (13b) 


and thus, from (10), either 


(87}.,=0 (14a) 


or 
in which case either (8°),,=0 
or (8),=0 (or perhaps both). 


(87) 70, 
(14b 


Consequently, the expression 


B’a's' nr= (B°) en (B’)e: ley sul 


is zero for all (kJ) and the necessary condition for 
positive definite plane-wave energy density may be 
written as 

(15) 


8°3=0 (j=1,2,3), 


so that, for example, if it is found that 8°6'8°0 for a 
certain system, it follows that the plane-wave energy 
density and hence the total energy is not positive- 
definite. Condition (15) may be much more rapidly 
applied than the parent condition (8), since the latter 
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POSITIVE DEFINITE ENERGY 


requires the extraction of D. Condition (15) would, for 
instance, immediately verify that the counterexample 
of Bhabha! does not have positive-definite energy. 
Alternatively, condition (15) may be derived from 
the relation? Ds°=°, which is equivalent to (10): 
1H. J. Bhabha, Revs. Modern Phys. 21, 451 (1949), Eqs. (90). 
2 E. M. Corson, /niroduction to Tensors, Spinors and R tic 


ame ey (Hafner Publishing Company, New York, 1953), 
p. 155. 
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8°318° = 8°8’DB° 
= — SDs 
= — Ds*p's° 
= — P81 =0. 
The authors wish to thank Professor Herman 


Feshbach for reading and commenting upon the 
manuscript. 
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Electromagnetic Properties of the Deuteron* 


M. Sucawarat 
Department of Mathematical Physics, Royal Institute of Technology, Stockholm, Sweden 


(Received April 18, 1955) 


Exchange current corrections to the deuteron magnetic and quadrupole moments have been calculated, 
assuming ps-ps theory, employing Tamm-Dancoff formalism, and retaining only up to one-meson ampli- 
tudes. The numerical values were estimated by using some reasonable deuteron wave functions. It is shown 
that the S—D cross term is the dominant term and the effect of the change of normalization is always very 
big, making the whole correction to the deuteron magnetic moment always negative. The relativistic and 
the nonadditivity corrections to the deuteron monents have also been estimated under the same approxi 
mation. The over-all correction to the magnetic moment is shown to be negative and the final estimate of 


the deuteron D-state probability is 341%. 


XCHANGE current corrections to the deuteron 
moments have been calculated, assuming the 
symmetric ps-ps meson theory, employing Tamm- 
Dancoff formalism, and retaining only the one-meson 
amplitude. Relativistic and nonadditivity corrections 
have also been estimated in the same approximation. 
In order to get the corrections due to the exchange 
current and the nonadditivity, we first neglect all the 
relativistic aspects; we use the nonrelativistic matrix 
elements of the Dirac operators and neglect the nucleon 
recoil energy in the energy denominator. It is then easy 
to go over to the configuration space representation of 
all the probability amplitudes and express the expec- 
tation values of the moments in terms only of the two- 
nucleon amplitude in configuration space, which we 
shall identify with the empirically adjusted normalized 
deuteron wave function. To get the exchange current 
correction we retain, furthermore, only the exchange- 
meson terms and assume the strict additivity of 
moments; we introduce the Pauli term to represent the 
anomalous magnetic moments instead of dropping all 
the self-meson terms. We get finally as the exchange 
current corrections 


A0=A0’—QpnendN, Aun=Apn'—(up)prendN, (1) 
where Qpren and (up) pren are the phenomenological ex- 


pressions for these moments and AN is the change in 


- *8u rted by the Swedish Atomic Energy Committee. 
hy ee of absence from Department of Physics, Hokkaido 
U louie Sapporo, Japan. 


the normalization due to the one-meson exchange 
process, whose effect is very important quantitatively 
in the final results. These corrections must be sub- 
tracted from their total (i.e., empirical) values to get 
their phenomenological values. The expressions fo. AQ’ 
and AN agree with those obtained by Sessler,’ which 
will not be quoted here, and Ayp’ is given by 


f sn? 
suo'=—(*) (up+pun) 
89? \ x 
a K,(x) 
x| f eo Ky(x)-—— |e 
n x 
a 
-\dr 
x 
i» 5K s(x) 
+f w| Kur | (| 
0 


Yi 4“ 2 3v2 a 2K;(x) 
+—( ) -~ f uirpw(| Kula) + - “|i 
8x? « 2 0 


ss 2 
+f w(prw(o| Kola) + 


x 


3 7” 5K, (x) 
- f win] Ko(x)+ jel, 
4 0 x 


where « and w are the S and the D deuteron wave func- 


1A. M. Sessler, Phys. Rev. 96, 793 (1954). 
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tions normalized as f,*[*(r)+w*(r) jdr=1 and x=yr. 
The first term of (2) is due to the intrinsic moments of 
recoil nucleons and the second term to their orbital 
moments, the exchanged meson itself giving rise to no 
direct contribution. 

It is to be noted that Aup’ and AN (not AQ’) are very 
sensitive to the D-state probability (Pp) to which wu 
and w are fitted. In order to construct a deuteron wave 
function fitted to the low-energy data and to some 
specified value of Pp, we have assumed the following 
analytic forms, dropping the normalization factor: 


u(r) =cose(1—e~*")e~”, 
(3) 
w(r)=sine(1—e~ 7)" /r, 
where a is fixed by the binding energy, m is chosen as 
3 or 4, and the other three parameters ¢, 8, and y are 
adjusted to give the empirical values of the quadrupole 
moment, the deuteron effective range, and the specified 
value of Pp which we have chosen as 3.9% and 3%. 
Another point to be noted here is that the infinity of 
the integrand (K» and K,) at r=0 is the result of the 
fact that we have carried out the integration over the 
exchanged-meson momentum & up to infinity. In order 
that our investigation be consistent, the integral must 
be cut off at least at x. We have employed the straight 
cutoff method for Ko and K,/x at r=m/« or the first 
zero point of (sinkr)/kr for k=«. The effect of this cutoff 
is large only in the first integral in (2), which gives rise 
to a very small effect upon Ayp owing to the almost 
perfect cancellation of that integral in Aup’ and AN, 
while AQ is much influenced through AN since AQ’ is 
an “outside” quantity and is quite insensitive to such 
a detail near the origin. The detailed calculation has 
shown that Ayp is definitely negative and rather insen- 
sitive to Pp or to the inner detail of u(r) and w(r). As 
a reasonable estimate, we obtain Ayp/yup= —0.85% 
for f?/4r=10, Pp =3% and n=4. If we use the values 
calculated by Sessler,' we get —0.88% and —1.11% 
without and with a hard core, respectively. It is shown 
that AQ is quite senstive to various factors; for f*/4 
=10 and n=4, 40/0=+4+2.38% for Pp=3% and 
+1.24% for Pp=3.9%, and may change its sign under 
the introduction of a hard core as suggested by Sessler.' 
In order to estimate the nonadditivity correction, we 
retain only the self-meson terms, neglecting all the 
exchange terms and introducing a suitable cutoff in 
the integral over &. Then it can be shown that additivity 
holds strictly in the same approximations thus far 
employed. Only multimeson processes can cause non- 
additivity, but although these are certainly very im- 
portant to the individual moments they would not 
affect the additivity so much in the case of a deuteron, 
since it is a loosely bound system. Another origin of 
nonadditivity is the appearance of the binding energy 
in the energy denominator in the expression for the 


SUGAWARA 





deuteron moment; this effect has been calculated by 
using a Taylor expansion of the energy denominator. 
The result is shown to be very insensitive to the cutoff 
momentum and the coupling constant as long as they 
lie between 4 and 5u and 10 and 15, respectively; the 
method of estimation is shown to be also self-con- 
sistent. The effect of the change of the normalization 
has also been taken into account. The nonadditivity 
correction is definitely positive and is estimated as 
Aup up=0.25% for f? ‘dar = 10. 

Finally, in order to discuss the kinematical aspects, 
we eliminate meson field quantities by introducing the 
Pauli term and the static nuclear potential and trans- 
form to the configuration space representation of the 
original relativistic Hamiltonian. This is just the 
ordinary starting point of the previous approaches.” 
The only essential point is the absence of the possible 
8-factor in the second order (one-meson exchange) 
static nuclear potential in the ps-ps meson theory. The 
numerical value has been estimated by assuming a 
purely central square well potential fitted to the low- 
energy data. The relativistic correction turns out to be 
negative and Ayp/up=—0.41%. Since this effect 
depends explicitly upon the nuclear potential, the effect 
of a D-state is very difficult to estimate but is expected 
to be a minor one. 

Thus it is seen that the rather uncertain nonaddi- 
tivity and relativistic corrections are minor ones and 
almost cancel out. The total correction Aup/yup is, 
therefore, rather definite and equal to —1.0%+0.3%, 
although the error is a rough estimate. On the other 
hand, AQ/0Q is estimated as from +2% to zero or even 
a small negative value. The above value of Aup deter- 
mines Pp as 2.4%+0.5%. As there is reason to believe 
that we may be overestimating the exchange current 
correction,’ our final estimate is 


Pp=3%+1%. (4) 


Two major conclusions are: (i) the correction to Pp 
would not be so large as has been reported thus far’ 
(at most 1% in magnitude), and (ii) the correction is 
negative (the reduction from 3.9%). The details will be 
published in Arkiv for Fysik. The author would like to 
express his gratitude to Professor L. Hulthén for his 
hospitality and to Mr. Z. Sawa for assistance in the 
numerical work. 


*R. G. Sachs, Phys. Rev. 72, 91 (1947). G. Breit and I. Bloch, 
Phys. Rev. 92, 135 (1947). G. Breit and R. M. Thaler, Phys. Rev. 
89, 1177 (1953). 

* According to private communication from Dr. Sessler, his 
wave functions are adjusted to Pp~6%. The effect of changing 
Pp upon u(r) and w(r) consists mainly in changing w(r) [not 
u(r) } only at very small distances, and w(r) at smaller distances 
gives the main contribution to Agp’ and AN. The close agreement 
between our value and Sessler’s cannot be considered as showing 
the insensitiveness of Aup’ and AN to Pp. 

*H. Miyazawa, Progr. Theoret. Phys. (Japan) 7, 207 (1952). 
S. Deser, Phys. Rev. 92, 1542 (1953). F. Villars, Phys. Rev. 86, 
476 (1952) 
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Isotopic Spin and the Group Space of the Proper Lorentz Group 


E. J. Schremp 
Nucleonics Division, Naval Research Laboratory, Washington, D. C. 


(Received March 1, 1955) 


By a slight modification of the algebraic foundations of spin-} theory, isotopic spin is incorporated therein, 
in a natural and irreducible manner. The method of approach proceeds from a consideration of the geometry 


of the group-space of the proper Lorentz group. 





I’ the Wey] form of the free-particle Dirac equations,' 


O<vati(mc/hyy,=0, (1) 
where C= are the 2X2 matrix differential operators 


0 = €00, 0x°F 1(e,0 Ox'+- 60, Ox*+ 30 Ox") (2) 
and 
i€3;=03 (3) 


1¢;=01, 1€2=02, 


are the Pauli spin matrices, the wave functions ¥4 are 
ordinarily regarded as 2-component spinors. However, 
if one wishes to provide an underlying closed algebra 
for Eqs. (1), these wave functions may be considered to 
be, more generally, complex quaternions of the form 


Ve =ewstews' tems tems’, (4) 


where éo, €1, €2, €z are the usual quaternion units.” 


é 


If one then writes 


Ve=Vir the, (5) 

where 
Ha4=VWa(eottes) ye (6a) 
V4 =+(eo—ies) z. (6b) 


Eqs. (1) may be decomposed* into the two pairs of 
simultaneous equations, 


O=bsrti(me/A<,=0, 

DO<vs_+1(mc/h)y-_=0, 
involving the two pairs of 2-component wave functions 
¥i4 and 4, respectively. In this sense, the ordinary 
Dirac theory may be associated, for example, with the 
vanishing of p, 


(7a) 


(7b) 


'H. Weyl, The Theory of Groups and Quantum Mechanics 
(E. P. Dutton and Company, Inc., New York, 1931), p. 213, 
Eqs. (5.6). Weyl’s Eqs. (5.6) are obtained from Eqs. (1) by taking 
separately the upper and lower signs in the latter 

? In this note, it is convenient to represent complex quaternions 
irreducibly, by means of complex 2X2 matrices; but, for other 
purposes which we shall discuss elsewhere, the regular representa- 
tions (in which éo, ¢;, ¢2, ¢: are all real) turn out to be more satis 
factory. Quaternion wave equations comparable in form to Eqs 

(1) have been used in a different context by C. Lanczos, Z. Physik 
57, 447 (1929) 

2 The term “decomposition” here denotes a Lorentz-invariant 
process 


In terms of Eqs. (1), the usual 4X4 matrix repre- 
sentation of the operators of spin angular momentum 
given by the Dirac theory reduces (in units of #/2) to 
the 2X2 matrix representation (3); and, in the latter, 
the components of spin along the axes of x’, x*, 2° are 
represented by means of the operations of quaternion 
multiplication from the Jeft by the three quaternions 
ié;, i@2, tes, respectively. Under these operations, the 
original decomposition remains valid. 

On the other hand, if one applies to the decomposed 
wave functions ¥,, and ¥,_, as operands, the operations 
of quaternion multiplication from the right by the three 
quaternions i¢,, i¢2, ies, the original decomposition no 
longer holds except in the last case, in which the follow- 
ing sets of equations result: 


Ws4es= +44, 
Ws ta= — 4 


From Eqs. (8), it is seen that the wave functions (6) 
may be regarded as eigenfunctions of the right multiplier 
ies, the eigenfunctions ~¥,, corresponding to the eigen- 
value +1 and the eigenfunctions y,— to the eigenvalue 
—1. Thus, the eigenvalue equations (8) accomplish in 
a most natural way the purpose intended in the cus- 
tomary formalism for the introduction of isotopic spin. 

Recently, Pais‘ and others have sought to incorporate 
isotopic spin into the theory of spin-} particles in a 
fundamental and irreducible way. The presently de- 
scribed approach to this basic problem has proceeded, 
as a corollary, from our earlier introduction® of the 
group-space of the proper Lorentz group as the under- 
lying framework of description for elementary particles. 
Here both ordinary and isotopic spin appear intrinsically, 
the two eigenvalues +1 of the x*-component of the latter 
corresponding to two distinct classes of paths in the 
group-space, for convenience labeled “proton” and 
“neutron” paths, respectively. 


(8a) 
(8b) 


‘A. Pais, Physica 19, 869 (1953); Proc. Nat. Acad. Sci. 40, 484 
(1954 

* E. J. Schremp, Proceedings of the 1950 International Congress 
of Mathematicians, Cambridge, Massachusetts, Vol. 1, p. 654; 
Phys. Rev. 85, 721 (1952) 
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Angular Distribution in Electron-Photon 
Showers without the Landau 


Approximation 
B. A. CHARTRES AND H. Messe1 
The PF. B. S. Falkiner Nuclear Research and Adolph Basser Com 
puting Laboratories, School of Physics,” The University 


{ ustralia 


. pte RAL calculations’ have been made of the 
\J angular distribution of electrons in electron-photon 


vibe > yd ne 


1955 





showers. In all cases the La iu approximation, which 
is the application of the well-known multiple scattering 
approximation to cascade theory, has been used 
Belenky’ obtained a simple analytical expression as the 
exact solution ol an approximate model of the actual 
—— -_ a —— 
> 
; 
\ 
} 
> | 
' 
| 
b 
| 
‘ ‘ j 
; 4 oy 7 2 
Fic. 1. The track-length angular distribution F (Fé i electrons 
of energy — in an electron-photon cascade in air initiated by a 
particle nergy much greater than £. Ionization loss is ne 
glected. The energy is in Mev and the angle in radians. The fun 
thon 1s tdx=1. The three curves are 





normalized to $5" Fia 


obtained under the same apy ximation to the cascade process 


Tamm-Belenky model) but with different approximations to the 
elastic scattering law, nan 
Curve 1: Scott-Snyder scattering SS SEX 
Curve 2 


Landau multiple scattering approx : 


Modified Lan 


Curve 3 
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cascade, due to Tamm and Belenky.’ This model is 
especially useful as it leads to a differential equation in 
the energy variable instead of the usual! integral equa- 
tion. The angular distribution is then simply obtained 
from the differential equation. The accuracy of the 
Tamm-Belenky model in other applications is now well 
established (see Friedman*) while the good agreement 
between Belenky’s results and those of Moliére, and 
Blatt and Kalos indicate that this model is also capable 
of yielding a fairly accurate angular distribution. 
Consider now the validity of the multiple scattering 
approximation. Elementary considerations would lead 
one to expect that this approximation is valid at depth 
sufficiently great and angles sufficiently small that the 
average number of deflections suffered is large. The 
approximation definitely breaks down at angles suf- 
ficiently large that such a deflection is more likely to be 
achieved through one single large-angle scatter than as 
the sum of many small deflections (the “‘single scat- 
tering tail’). As the average number of scattering col- 
lisions occurring in the distance of one cascade unit is 
of the order of 10°, it has seemed reasonable to assume 
that the Landau approximation would yield an angular 
distribution which is correct, at least, for small angles. 
However, the calculations by Snyder and Scott’ of 
the angular distribution of monoenergetic electrons 
without cascade formation show that the Gaussian dis- 
tribution predicted for this problem by the multiple 
scattering approximation is invalid at all angles. The 
approximate distribution is accurate at small angles 
only for path lengths longer than a few times the elec- 
tron-photon cascade unit. If, instead, one works back- 
ward and fits the exact angular distribution with a 
Gaussian, one can find that value of Z, (the charac- 
scattering energy occurring in the Landau 
approximation, usually given as 21 Mev) which would 
make the multiple scattering approximation accurate 
near the origin. As a first approximation,‘ then, the 
angular distributions that have been obtained for the 
electron-photon cascade under the Landau approxima- 
tion could be improved by reducing the value of E, to 


teristic 


that which would yield the best fit to the multiple 
scattering calculations of Snyder and Scott, or Moliére,* 
at a path length of, say, half a cascade unit. 

We now point out that the Tamm-Belenky approxi- 
mate model will yield an exact analytic expression for 
the angular distribution given any scattering cross 
section. We have calculated the track-length angular 
distribution of the Tamm-Belenky cascade in air, using 
for the elastic scattering cross section the same ex- 
pression used by Snyder and Scott. The resultant ex- 
pression can be expanded in a series (following Moliére’s 
technique) in which the first term is the same expression 
as found by Belenky? but with the value of E, reduced 
to about 19 Mev (the precise value now depends upon 
the 


medium) to fit a path length of 0.437 cascade 


units. The calculated function is graphed in Fig. 1, 








LETTERS TO 


together with the first term in the series expansion and 
Belenky’s original result. 

It can be seen from the figure that the Landau ap- 
proximation introduces an error of about 25 percent at 
small angles. The ‘‘modified Landau approximation” 
with E,=19 Mev fits more closely but still does not 
reproduce accurately the shape of the curve near the 
origin. It should be noted that although the “‘exact”’ 
curve is considerably steeper at the origin than the 
approximate ones, there is still no singularity there. 
This work will be published later in more detail. 

We would like to thank Dr. J. Nishimura for com- 
municating to us that he has recently carried out calcu- 
lations along similar lines. 

* Also supported by the Nuclear Research Foundation within 
the University of Sydney. 

'G. Moliére, chapter in Cosmic Radiation, edited by W. Heisen- 
berg (Dover Publications, New York, 1946) 

2S. Belenky, J. Phys. (U.S.S.R.), 8, 347 (1944) 

4 J. Nishimura and K. Kamata, Progr. Theoret. Phys. 6, 262 
(1951). 
‘M 
(1954). 
5 Ig. Tamm and S. Belenky, J. Phys. (U.S.S.R.) 1, 177 (1939), 

*F. Friedman, Massachusetts Institute of Technology Tech- 
nical Report No. 31, 1949 (unpublished) 

7H. Snyder and W. T. Scott, Phys. Rev. 76, 220 (1949). 

5G. Moliére, Z. Naturforsch. 3A, 78 (1948 


H. Kalos and J. M. Blatt, Australian J. Phys. 7, 543 





Elastic Scattering of 19-Mev Alpha 
Particles by Al and Cut 


E. BLEULER AND D. J. TenpAM 
Purdue University, Lafayette, Indiana 


(Received June 20, 1955) 


HE elastic scattering of alpha particles in the 10- 

to 40-Mev range has been investigated recently 
by various authors for heavy elements.'~* The cross 
section is found to be equal to the Rutherford cross 
section as long as the classical distance of closest 
approach is large compared to the nuclear radius; for 
smaller values, ¢/a,p first increases slightly, then drops 
sharply. This monotonic decrease of ¢/or with in- 
creasing angle is in striking contrast to the diffraction 
patterns found in the scattering of 22-Mev protons.‘ It 
was thought that a diffraction pattern for alpha par- 
ticles might also be found with lighter nuclei and that 
it might give the basis for an optical-model type of 
analysis. 

For an exploratory investigation, the scattering of 
18.9-Mev alpha particles from 0.0001-inch Al and Cu 
foils was measured. The beam of the 37-inch cyclotron 
was focused with the aid of a pair of quadrupole magnets 
into a 10-inch diameter scattering chamber located 
outside the main cyclotron water tank shield. The 
scattered particles were detected with a Nal scintillation 
spectrometer of 6°% resolution. 

To differentiate between the scattered alpha particles 
and protons produced in (a,p) reactions, the pulse- 
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Fic. 1. Elastic scattering of alpha aprticles 
from Al and Cu, 


’ 


height spectra were taken with and without a 19 mg/cm? 
Al absorber. The alpha peak was shifted considerably 
without much change in the proton spectrum. After 
applying a small corrective shift, the latter is subtracted 
from the distribution measured without the absorber in 
order to obtain the pulse-height distribution of the 
alpha particles. 

No monitor was used; the beam current was inte- 
grated with an instrument of the type described by 
Higinbotham and Rankowitz.° 

Figure 1 gives the ratio of the observed to the 
Rutherford cross section as a function of sin(¢/2) where 
¢ is the scattering angle in the center-of-mass system. 
No corrections have been applied for the finite angular 
resolution (maximum deviations: +3.7° at 45 
135°, +2.6° at 90°). The gross behavior for Cu is similar 
to that observed for the heavy elements, the cross- 
section ratio dropping from ~1 below 20° to ~0.02 at 


and 


large angles. There are, however, indications of dif- 
fraction effects with maxima at 64°, 84°, 120°, and 
~144°. For Al, the pattern is quite similar to that ob- 
served in the elastic proton scattering. For angles above 
30° the cross-section ratio fluctuates about a mean 
value of ~0.2, 
maxima and minima. The maxima appear at angles of 
32.5°, 50°, 71.5°, ~96°, and 126°. They are nearly 
equidistant in the sin(g/2)-scale [A sin(g/2) «0.15 }. 

No analysis of the data has been made yet. For a 
crude interpretation one may set 2kRA sin(¢/2)=7 
to obtain an estimate of the interaction radius of Al. 


with observed ratios of 3 to 4 between 


Depending on whether one uses the internal or the 
external alpha-particle wavelength one finds R ~4 or 
6X10-” cm for Al, which is the correct order of mag- 
nitude. In the case of Cu, no such interpretation is 
possible since the maxima are far from equidistant. 
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For an evaluation of the Al data 


optical model it will be important to know the depth 


hye 


undoubtedly 


terms of a1 
of the minima which now are too shallow 
because of the poor angular resolution. The measure 


ments will be repeated using a proportional counter-Nal 





telescope to distinguish between the protons and the 
alpha particles. This permit the use of better 
angular resolution because of the gain in statistical 
accuracy achieved by eliminating the subtraction pro- 
cedure € ved 
+ Work supported by the U. S. Atomic Energy Commission 
G. W. Farwell and H. E. Wegner, Phys. Rev. 93, 356 (1954 
95, 1212 (1954 
Wa Kees, a Ford, Phys. Rev. 97, 726 (1955 
Wegner, Eisberg, and Igo, Phys. Re R25 (19 
B. L. Cohen a R.V.N gh, I } 93, 282 154 
W 1H otha a >». Ka tz, Re ™ | 22 
688 (1951 
Elastic Scattering of 40-Mev Alpha 
Particles from Alt 
RK. M. Erseers, G. I AND H. E. WEGNEs 
Br on .\ ”" / r r { n. Lone Island. Ne Vor 
t I e WH) 1955 


investigated the angular 


ns for the elastic scattering of alpha 
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heavy element case. Similar results for the elastic scat- 
tering of 18-Mev alpha particles from Al were recently 
reported by Bleuler and Tendam.’ 

Figure 1 shows the angular distribution for the elastic 
scattering of 40-Mev alpha particles from Al. The energy 
in the center-of-mass system is 34.8 Mev. The abscissa 
is center-of-mass scattering angle, and the ordinate is 
absolute differential cross section in the center-of-mass 
system. The dashed curve gives the computed Coulomb 
cross section. Scattered alpha particles were detected 
in a thin Nal scintillation counter. The experimental 
techniques are similar to those described in a previous 
paper,’ except that in this experiment absolute cross 
sections were measured. The energy resolution of the 
detector was 4 percent, and the angular resolution was 
+ 1.0 degree. The errors indicated for each point are 
In addition, 10 percent 
uncertainty in the scale factor of the ordinate is intro- 
duced by the error in determining the absolute cross 


due to counting statistics 


section 

The magnitude of the (a,n) cross section for heavy 
elements indicates that heavy nuclei are opaque to 
40-Mev alpha particles.? Consequently, it is reasonable 
to analyze the Al angular distribution in terms of scat- 
tering from an opaque disk. From the separation of the 
maxima in the diffraction pattern, this analysis leads 
to a value of 13.8 for kR. If k is set equal to the free- 
space center-of-mass wave number, then R is equa! to 
5.4 10-" cm 
the size of the nucleus and the size of the alpha particle 


This is consistent with current ideas of 


+t Work performed under the auspices of U. S. Atomic Energy 


Wall, Rees, and Ford, Phys. Rev. 97, 726 (1955 
? Wegner, Eisberg, and Igo, Phys. Rev 5 


E. Bleuler and D. J. Tendam, Phys. Rev 





Electronic Detection of Heavy Mesons* 


KENNETH W. Rosrnsont 


Palmer Physical Laboratory, Princeton University 
Princeton, New Jersey 
Received July 8, 1955 


N experiment has been carried out to detect the 
decay of heavy mesons produced by cosmic rays, 

by means of scintillation and Cerenkov counters and 
fast electronic circuitry. This experiment was performed 
at Echo Lake, Colorado, at an altitude of 3300 meters. 
The disposition of the counters is shown in Fig. 1. 
The apparatus is designed to detect events in which 
a heavy meson is produced in an interaction in the lead 
roof, the particles from the interaction triggering some 
Geiger counters and producing a pulse in the 
scintillators 
region of the Cerenkov detectors and the secondary 
from its decay passes through the Cerenkovs in an 
upward direction, a delayed pulse is produced. Cerenkov 


of the 
' 


If the heavy meson then stops in the 
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counters are used to obtain directional discrimination 
against downward moving shower particles, also to 
eliminate pulses from nonrelativistic particles such as 
knock-on protons from slow neutrons, and * meson 
decay secondaries. However, u decay will be detected 
and will appear as a background on the heavy meson 
decay curve. 

The Cerenkov counters are made of Lucite tubing, 

and are filled with water, with a 5819 photomultiplier 
at one end. Directional discrimination is obtained by 
making the end opposite the photomultiplier absorbing 
by immersing black velvet directly in the water. The 
total mass of the eight Cerenkov counters is 32 kg. 
_ The time difference between the scintillator and 
Cerenkov pulse is measured by a chronotron type timing 
device.' By inverting the Cerenkovs so as to detect 
downward moving particles, the time dispersion of the 
system for straight-through particles was found to have 
a standard deviation of 1.05 mysec. 

It was found that to obtain an exponential decay 
curve from the delayed chronotron pulses it is necessary 
to use only single events having no zero delay Cerenkov 
pulse, and to subtract a background of accidental and 
x—yu—e events. Figure 2 shows all these single events. 
A Peierls analysis gives a most probable mean life of 
8.05+0.66 mysec. This lifetime can be due to any 
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© TOTAL EVENTS 
@ AFTER BACKGROUND 






AN LiFE 6.05 £0.66 x10” sec 


COUNTS PER 3! mpsec CHANNEL 
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TIME DEL AY (Milimucrosecond) 


Fic. 2. Single delayed chronotron events from K runs. 
Running time 1140 hours. 


mixture of heavy mesons producing relativistic second- 
aries and with possible lifetimes in this range. However, 
the mixture should be predominantly the K,? particle, 
if we believe in the lower abundances of K—e and K,, 
and the lower Cerenkov efficiency for detecting the 
charged x from the K,: decay. 

To look for the gamma secondaries from the x° of 
the K,: or r’ a run was made alternately surrounding 
the Cerenkovs with }-in. Pb plates and Al plates of 
equal stopping power. A 40% increase in rate was 
observed with the Pb, with no significant change in 
lifetime. This indicates that either the r’ or K,* has a 
mean life within a factor of 2 of the K,*. Further con- 
siderations are under way to determine whether all of 
the observed increase in rate can be accounted for by 
the 7’. 

A w—u-—e rate of 5 per hour for single events is 
determined by analyzing long delayed Cerenkov pulses 
on a direct view scope into a u-decay curve and uniform 
accidental background. This agrees with the rate ob- 
tained from the chronotron background. A K decay 
curve similar to Fig. 2, with the same selection scheme 
as the r—u—e run gives a K,: rate of 0.6 per hour. The 
observed x—y—e to K,* rate is then 8.3. None of these 
rates has as yet been finally corrected for detection 
efficiencies. 

These results seem in general agreement with cloud 
chamber and emulsion results as regards lifetimes and 
rates of these particles. The K lifetime also agrees with 
a previous similar experiment? although the relative 


observed rates of K and x events are very different. 
* Supported by the Office of Naval Research and the U. S. 

Atomic Ene Cotsiniasians 

t National Science Foundation Predoctoral Fellow. 

! J. W. Keuffel, Rev. Sci. Instr. 20, 197 (1949). 

*L. Mezzetti and J. W. Keuffel, Phys. Rev. 95, 858 (1954). 
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I HE characteristic forward component in the 
angular distribution of the products of (d,p 
d,n interpreted as a 


and 


reactions has been stripping 


process.’ In ar distributions are directly 


angui 


related to the angular m¢ the cap- 





tured particle and the effective capture 
Recently refined calculations? have included the inter 
action of the outgoing particle and the residual! nucleus 


as well as Coulomb correctior The experimental data 
dicate agreement at angies in the forward quadrant 
with the theoretical predictions of the shell model 


} xperiments in the range ol ] Me \ bombarding energy 


sho ingular distributions wi ilso suggest that 
tripping may be an important process 

It is proposed that stripping can also occur trom 

' +} rn th lmiternr r eprvam! > trinning 

iner an e ce eTo or example, stripping 

f tr , prot fr ro ia 

0 i t ) ( re ) iro é irve icieus shouid 


higher intensity in the backward quadrant, 


vhere ot yurse, the precise torn yt the ing ir ais 
ributior lepend on the orbital angular momentum 
wit y} bh the lent particle captures the stripped 
urge icleus. To illustrate this process, two possi 
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of parameters. Subscript 2 refers to heavy 


particie stripping 


Tape I. List 


10 Me 10°" cm I’ 10 


= 
= 
~ 
& 
why 


Be*(a,n)C® and B"(d,n)C” 
reactions. The calculation of the angular distribution 
for the heavy particle stripping has been performed 
using the Born approximation in a way analogous to 
the deuteron stripping formalism given in Bhatia et al.' 
In both reactions it is assumed that the heavy particle 
is composed of a core with a neutron in a p state. The 


bilities are chosen: The 


wave function for this neutron is computed by con- 
sidering that the neutron is in a square well. The poten- 
of the well is adjusted to give the proper binding 
energy of the neutron. Table I lists the parameters used 


tial 


in the following calculations. 

The angular distribution is proportional to the 
product of two expressions: the first term is the internal 
motion factor 


G#(K2)= |2(3% ry(r)ji;(Kor)dr 


where ¥(r) is the internal wave function of the neutron 


(Ker 
the exponential terms in the matrix element 


Che second term is the neutron centrifugal barrier term 


in the heavy nucleus, and arises from the com- 


Dination ol 


jv? (RR 

where is the spherical Bessel function of order /’. 
In the general problem of heavy particle stripping 
vhere the bombarding particle is labeled X (being an 
a particle, deuteron, or proton, et the angular dis- 


tribution of the stripped neutrons can be written 


W.(@)=const* Ge?7(Ke) jp? (koR2), 

the mass of the target nucleus, M,;=the 
residual nucleus, M,=the neutron mass, 
k.=the wave number of the neutron, &;=the wave 
number of the target nucleus, 0=the center-of-mass 
the radius of the 
Vo, /’= capture angular momentum 


for heavy particle stripping, R2= radius of interaction 


angle between the beam and &,, r 
inl 


square well ol depth 


for heavy particle stripping, and 


M+" M, \3 
4 R. k a k cCos\T- (-) 
| VI M 


Pe i 
+2 kk, cos(x—@)} . 
M, 





LETTERS TO 


When the incident particle is a deuteron, the deuteron 
stripping and heavy particle stripping can compete. 
In these cases the angular distribution can be written 


Wi ©) =A 1G? ( K,) ir kiRi)+A GY | Ks) ji *(R2R2), 
where 


Ki={(k2+}h2—kk, cos@)), 


MQ? M, ' 
ki= {ee+( ) kdb ) cose ; 
M,; M, 


=capture angular momentum for deuteron stripping, 
and R= the radius of interaction for deuteron stripping. 

Figure 2 illustrates a calculation in which both types 
of stripping might occur. 

Figure 1 shows a calculation of heavy particle 
stripping for the Be’(a,n)C™ reaction at 1 Mev and 4 
Mev. The increase of intensity in the backward direction 
is evident. Figure 2 shows the results for the B"(d,u)C™ 
reaction to the ground state. The dotted curve indicates 
the contribution of heavy particle stripping using the 
parameters shown. The solid curve shows the sum of 
the usual deuteron stripping, plus the heavy particle 
stripping. The curves are drawn for a bombarding 
energy of 4.1 Mev, and the experimental points of 
Class, Price, and Risser‘ are superposed. The theoretical 
curves were drawn so that the heavy particle stripping 
is normalized at 160° where the contribution from 
deuteron stripping is very small, and the deuteron 
stripping is normalized at 20°. The fit seems fairly 
good, suggesting that a heavy particle stripping process 
may exist, in spite of the fact that the stripped neutron 
comes from a closed P shell and is strongly bound. 
Calculations at an energy of 3.5 Mev and 4.7 Mev also 
show agreement with the experimental data.‘ 
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Fic. 2. The angular distribution of the neutrons from the reac- 
tion B"(d,x#)C™ illustrates the type of reaction in which both 
deuteron stripping and heavy particle stripping can occur. The 
radius of interaction for both processes is 4.5 (10)-" cm. E=4.1 
Mev. The experimental points are those of Class, Price, and Risser. 
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If indeed the heavy particle stripping accounts for 
the backward component of the angular distribution of 
the neutrons from the reaction B'(d)C™, the cross 
section for this process must be comparable with that 
for the deuteron stripping. An estimate of the nuclear 
matrix element can be obtained by using the partial 
width technique suggested by Bhatia.' This involves an 
estimate in this particular reaction of the sticking 
probability for a deuteron and the “B" core.” From the 
available data it appears that the cross sections for the 
reactions involving a deuteron and B" are relatively 
high, suggesting that the heavy particle stripping in 
B"(dn)C® could be of the same order of magnitude 
as the deuteron stripping. The fact that the outgoing 
neutron can belong to the target nucleus has been sug- 
gested by Grant,® by considering the effect of exchange 
terms in the stripping problem. We have not considered 
these effects in our simple calculation. 

We are indebted to Professor Calvin Class for dis- 
cussing his recent results with us. We would like to 
thank Professor T. H. Berlin for many stimulating 
discussions. 

* This work was supported in part by the U. S. Atomic Energy 
Commission 

'S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951); 
A. B. Bhatia ef al., Phil. Mag. 43, 485 (1952) 

?W. Tobocman and M. Kalos, Phys. Rev. 97, 132 (1955); 
I. P. Grant, Proc. Phys. Soc. (London) 67, 981 (1954); I. P. Grant, 
Proc. Phys. Soc. (London) 68, 244 (1955) 

* Pruitt, Hanna, and Swartz, Phys. Rev. 87, 534 (1952) 

* Class, Price, and Risser (private communication, to be pub 


lished) 





Fast £2 Transition Probabilities 
from Coulomb Excitation* 
G. M. Temmer and N. P. Heypensure 
Department of Terrestrial Magnetism, 


Carnegie Institution of Washington, Washington, D. C 
(Received July 15, 1955) 


E thought it worthwhile to present a summary of 

our results on positions and lifetimes of excited 
states of nuclei in the region Z= 60 to Z=92 (“‘strong 
coupling region’’)' and Z= 22 to Z=48 (‘“‘weak coupling 
region”).'! We shall confine ourselves to even-even 
nuclei because they lend themselves more readily to a 
systematic description. E2 Coulomb excitation allows 
us to observe only one excited state in all cases (the 
first-excited state having character 2+); the systematic 
trend in the positions of these states is well known.” 
Our studies of thin-target excitation functions using 
alpha particles,’ as well as some thick-target excitation 
functions extending from 2.5 Mev to 7.00 Mev alpha- 
particle energy (a range in yields of >10*), in perfect 
agreement with the semiclassical £2 theory,‘ convince 
us that we are able to extract meaningful reduced £2 
transition probabilities B(£2) from measurements of 
the total excitation cross sections. A few cases of overlap 
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with conventional electronic lifetime measurements in Strong-coupling region (Rare earths, Th, U).—The 
the rare-earth region (7,x,2 10~* sec, see below) confirm evidence for the occurrence of rotational bands in the 
this belief highly deformed nuclei of this region has been exten- 
We have been able to determine the properties of sively discussed.7~ Our detailed report on both even 
about 50 first-excited states in even-even nuclei, of and odd nuclei in this region will appear shortly.” 
which about 15 are newly discovered levels. Some 10 — sunyar* has recently summarized the available informa- 
lifetimes had been determined electronically for 62 SZ tion on fast E2 lifetimes ; following his presentation of 
<80, and two by resonance fluorescence.’ The former ; ; , -_ : 
- : the results in terms of the nuclear distortion parameter 
8, we have plotted both his results (circles) and our 
Coulomb excitation results (triangles) in Fig. 1. Open 
symbols refer to deformation parameters 8¢ derived 
from level positions (moments of inertia) and are read 
from the left-hand scale; full symbols refer to deforma- 
tion parameters 8, derived from reduced transition 
probabilities to or from the levels and are read from 
the right-hand scale. Note the factor of five between the 
two ordinate scales. 8 is related to the intrinsic quad- 


method is presently limited to this range of Z by the 
fifth-power dependence of the transition probability 
upon the gamma-ray energy, and by the speeding-up 
effect of the high internal conversion coefficients for 
the low-lying transitions encountered in the actinide 
and transuranic elements (£.- <50 kev). 

All our results were obtained with He** particles of 
up to 7.00 Mev and some 25 isotopically enriched 
targets. We shall now discuss the two regions of the 


periodic table in some detai 
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1G. 1. Summary of deformations for even-even nuclei in the “strong coupling” region (Z =60 to Z=92). Open symbols 
represent deformations derived from level positions (8g) and are read from the left-hand scale; full symbols refer to 
deformations deduced from reduced transition probabilities (8g) and are read from the right-hand scale. Note factor 
of five between those scales. Triangles represent our data from Coulomb excitation (ecg); circles are from lifetime and 
resonance fluorescence measurements as summarized by Sunyar (r,, reference 5). Numbers near points stand for Z of 
the elements. Wide symbols covering several neutron numbers refer to targets without available enriched isotopes (Dy, 
Er, Yb), and represent averages. Vertical dotted line at V = 90 links two points referring to the same transition in «Gd'™; 
for discussion of high points at Z= 64, see text. Points with > represent lower limits. Magic numbers are circled 
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rupole moment Qo by’ to Z) belong to the lowest energy transitions and can 
Brig. +: undoubtedly be blamed in part on an overestimate of a, 
Qo= (e eae (1) due to neglect of screening. It should be remembered 
\OT 


The reduced transition probability B(£2) for a 0*-+2* 
transition is given in terms of Q» by’ 
B(E2) = (5/16r)eQ.?. (2) 


Using Ro=1.2X10-"A'* cm, we obtain the following 
relation between the parameters §* and the observed 
quantities E and B(E2): 


Be? =2.43X 10°/A®"E; 
Bp’=8.48X 10'B(E2)/Z°A**, 


where Z and A are the atomic number and mass 
number, respectively, E is the excited-state energy in 
kev, and B(E2) is the reduced transition probability 
(divided by e*) in 10~** cm‘. Since we observe gamma 
radiation, our results for B(£2) must be multiplied by 
(1+a,), where a; is the total £2 internal conversion 
coefficient. We are indebted to A. W. Sunyar for sup- 
plying the estimates of a, and refer to his paper* for an 
appraisal of their reliability. The over-all agreement of 
the results from these vastly different methods of 
measurement is indeed gratifying. The particularly 
high points for Z=64 (numbers near the points refer 


(3) 


that Coulomb excitation and direct lifetime deter- 
minations differ by a factor of (1+-a,)*. The two points 
for V=142 and V=146 represent our measurements in 
Th™ and U™*" using ay~1000. (82/8)? is more 
nearly 7-8 for these two cases. 

The “favored” factor F (ratio of observed to single- 
particle transition probability) ranges from 40 to 200 
in these nuclei. 

Weak-coupling region.—Without wanting to ascribe 
particular significance to the deformation parameter 
here, we have plotted in Fig. 2 the same quantities as 
shown in Fig. 1 above, mainly for the sake of com- 
parison. We have previously reported the results for 
«Pd and «Cd. Note that the left-hand scale is now 
only four times the right-hand scale. From an analysis 
of first-excited states of even-even nuclei and isotope- 
shift measurements near V = 82, Ford has pointed out 
a similar discrepancy factor."* A rather remarkable 
correlation still exists between most level positions and 
transition probabilities. The cases of ySe, «Pd, and 
wCd are particularly noteworthy in this respect. «Mo 
seems to depart from this trend, however. Internal 
conversion is negligible in all these transitions, and 
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does not contribute any uncertainty. Note that whereas 
the two # differ by a factor of about four near V~66, 
this factor is more nearly three near V~44, and perhaps 
only about fwo at V~26. We have plotted our results 
in terms of §*, a description which actually presupposes 
sizeable equilibrium deformations; however, a number 
of symptoms have been noted recently'’® attesting to 
the inadequacy of the “strong coupling”’ description in 
this region (e.g., departure from simple rotational level 
spacings and spin sequences). It is worth noting that 
the favored factor F (see foregoing) ranges from 10 to 60 
similar 


for these nuclei; we encountered factors in 
odd-A nuclei 

Bohr and Mottelson, in a recent study of rotational! 
moments of inertia,'* have offered an explanation of the 
8e—8, discrepancy in the rare earths (which is evi- 


dently due to 8x) in terms of residual internucleon 
They 


criterion to be satisfied by the energy of the first- 


interactions also derive the following rough 


excited state in order that one may expect a conven- 
tional rotational spectrum: 


E 9.22 108/A** kev 


It is interesting to note that, in addition to the nuclei 


shown in Fig. 1, a number of our cases in Fig. 2 satisfy 


this condition 
) 


\ detailed report on the data of Fig. 2 is in prepara 


this terminology mainly to distir 


We en ploy 


table. See 
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Mass Measurements of Particles and 
Existence of 1450 m. Mesons 
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Division of Pure 


ECENT measurements we have made on fast 
particles from stars in G5 nuclear emulsions, 600 
thick, exposed to cosmic rays in balloon flights! give no 
indication of the existence of a group of mesons with 
mass about 1450 m,, such as has been tentatively put 
forward by Fowler and Perkins.’ Their work suggested 
a group intermediate in mass between conventional K 
mesons (~965 m,) and protons, with intensity about 
8°7, that of protons. Some work by Husain and Pickup* 
gave similar indications, although the statistical 
accuracy was such that this group could have been a 
statistical fluctuation on the edge of the proton dis- 
tribution 
Ionization (blob counting) and scattering measure- 
ments were made on tracks in three emulsions, each 
track being measured only in one emulsion. Blob den- 
sity, b, was plotted against the scattering parameter, 
p38, thus giving curves corresponding to the different 
mass values, the individual standard errors of measure- 
ment being mostly 6-10% for scattering and <1% 
for blob counting. determined 
relative to the best proton line, and the combined 
results for 119 tracks in three emulsions are shown in 
the mass histogram in Fig. 1. The dashed curves super- 
imposed on the histogram are normal distributions for 
a standard error of 9°). Scattering measurements were 
corrected for noise, and any distortion corrections were 
negligible. Some of the earlier results of Husain and 
Pickup® are included in the mass histogram, although 
most of the particles of “intermediate mass” are now 
excluded because they do not satisfy the minimum 
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statistics 

It will be seen that the present results are adequately 
explained on the basis that the particles emitted in the 
stars are pions, K mesons (~965 m,), protons, deuterons, 
and tritons. One particle is also very probably a hyperon 
with mass 2470+ 210 m,. The presence of a group with 
mass ~1450 m, should, with our statistics, have given 
a smal] continuous distribution between the K mesons 
and protons, but there is no indication of this here, and 
we would conclude that 1450 m, mesons, if they exist 
at all, are less frequent than conventional A mesons. 

If the 1450 m, group were real, the mesons must be 
unstable and, according to the path length observed by 
Fowler and Perkins,? they would have a lifetime long 
enough to come to rest before decaying (rather than 
decay in flight). The t meson mass (965 m,) and mode 
of decay into three pions are well known, and an exami- 
nation of the collected mass data from emulsion work* 
on K mesons decaying at rest into single charged par- 
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Fic. 1. Experimental mass spectrum of medium energy particles 
from stars: dashed curve is normal distribution with s.e.=9% 


ticles indicates that at least 90° of the mesons have 
measured masses between 800 and 1200 m,, consistent 
within the errors with a real mass about 965 m,, and 
there seems to be no evidence for mass ~1450 m,. 

One example of a A°® meson with energy several 
hundred Mev, decaying in flight, but not apparently 
connected with a star, was also found during the course 
of this work. 


* National Research Laboratories Postdoctorate Fellow 

‘We are indebted to the Office of Naval Research for loads 
carried on Skyhook balloon flights 

?P. H. Fowler and D. H. Perkins, Nuovo cimento, Suppl. 12, 
No. 2, 236 (1954) ; report by M. G. K. Menon, Proceedings of the 
Fifth Annual Rochester Conference on High-Eenergy Physics 
(Interscience Publishers, Inc., New York, 1955). 

* A. Husain and E. Pickup, Phys. Rev. 98, 136 (1955). 

*C. C. Dilworth ef al., Nuovo cimento, Suppl. 12, No. 2, 433 
(1954) 
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CCORDING to the Bohr-Mottelson unified model,! 
aspects of collective nuclear motion and of indi- 
vidual particle motion are coupled. In regions well 
removed from closed shells the coupling strength is very 
great and gives rise to the rotational excited states. 
For even-even nuclides the energies of these levels are 
proportional to 1.00:3.33:7.00. The levels are in the 
2+,4+, and 6+ states, respectively, and are de-excited 
by a cascade of E2 transitions. A number of these 
transitions has been already reported." 
In an investigation of the beta decay of protactinium 
isotopes’ indications were found of rotational levels in 
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the even-even daughter nuclides (U or Th). In Table I 
is listed a part of the results of beta-spectrometric 
measurements of Pa™*, Pa®, Pa™, and Pa™ (UZ) done 
in a 30-cm double-focusing magnetic beta-ray spec- 
trometer.’ More detailed information of these inves- 
tigations will be published in Physica and in Arkiv for 
Fysik. 

Column 2 shows the energy values of the gamma 
transitions which were supposed to be £2 radiations. 
According to Gellman ef a/.4 and to Rose* low-energy 
E2 radiations are mainly converted in the Ly and the 
Lin subshells, the conversion probability in the 1; 
subshell being very slight. The theoretical Lin/Ly 
conversion ratios® for Z=85 and Z=55 are represented 
in Fig. 1 by the drawn and the dashed lines, respectively. 
The dots indicate experimental data of £2 transitions 
in nuclides with Z 280, while the triangles represent 
the data in nuclides with Z between 50 and 80. The 
Lin/Lu conversion ratios we observed in the decay of 
the protactinium isotopes are represented by crosses. 
In most cases, our experimental data agree with the 
theoretical expectations for £2 transitions. 

Assuming that these gamma rays de-excite the rota- 
tional levels above the ground levels of the daughter 
nuclides, the energy ratios of these levels are as given in 
column 4. These values agree with the predictions of 
the Bohr-Mottelson model. In column 5 the #*/2/ 
values were calculated from the lowest gamma-ray 
energies. The figures show a decrease of #*/2J with 
increasing mass number, due to a larger deformation of 
the nuclides. 

The Bohr-Mottelson model not only predicts the 
occurrence of rotational levels on the ground state, but 
also on higher excited states. In the odd-A nuclides, the 
presence of the latter has been discussed by Asaro and 
Periman.* A first indication of it in the even-A nuclides 
was reported by Slatis ef al.’ In Pu™*, they found two 
close-lying levels at about 1.03 Mev above the ground 
state which were assumed to form a rotational band 
system. The energy difference between these levels 
agrees fairly well with the energy of the first rotational 
level above the ground state (44.1 kev). 

In Th** two excited levels were found at 1.070 and 
1.125 Mev; a similar configuration was supposed to be 


Taste I. Results. 


Daughter BQ+):BA+) 
nuclide Ey (kev) Li Lu Lin E64 w/2J 
vo Th™** 57.48 - 1 1.00 1:3.24 96 
128.64 1 0.75 
eolh™ 52.8 1 0.85 
(121.3) 1:3.30 KH 
2 47.2 i 0.90 
109.1 1 0.45 1:3.31:6.80 7.9 
(175.3) 1 
2 43.0 1 OBS 
99.2 1 0.75 1:3.31;6.87 7.2 
152.6 1 0.50 
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Fic. 1. Lin /Ly conversion ratios of E2 transitions 


present at 1.010 and 1.065 Mev in Th™. In U™, excited 
levels at 1.145 and 1.190 Mev were observed. Although 
the level schemes of these nuclides are not unambiguous, 
it is quite likely that these close lying levels also repre- 
sent a rotational band system. 

Ihe author wishes to thank Professor Dr. G. J. Sizoo 
for his interest in this work. This investigation is part 
of the research program of the “Stichting voor Funda- 
mentee] Onderzoek der Materie’”’ (F.O.M.) which is 
financially supported by the “Nederlandse Organisatie 
voor Zuiver-Wetenschappelijk Onderzoek” (Z.W.O 

\. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 27, No. 16 (1953); Physica 18, 1066 (1952); 
A. Bohr, Nuclear Rotational States (Ejnar Munksgard, Copen 
hagen 1954 

? Ong Ping Hok, thesis, Vrije Universiteit 
1955 (unpublished 
* Stoker, Hok, de Haan, and Sizoo, Physica 20, 337 (1954 

‘ Gellman, Griffith, and Stanley, Phys. Rev. 80, 866 (1950 

*M. E. Rose in Bela and Gamma-Ray S pectroscopy, edited by K 
Siegbahn (Interscience Publishers, Inc., New York, 1955 906 


*F. Asaro and I. Perlman, Ann. Rev. Nuc. Sci. 4, 157 (1954 
Slitis, Rasmussen, and Atterling, Phys. Rev. 93, 646 (1954 
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[' is well known that contemporary theories of 
elementary particles are unsatisfactory for two 
reasons. On one hand the coupling of the various 
particles with the electromagnetic field and with each 
other is not sufficiently understood, this lack of under- 
standing manifesting itself in the illfamed divergence 
problems (which can be “removed” in a fashion in 
some special cases by so-called renormalization pro- 
cedures) ; on the other hand the origin of the masses of 
the various particles remains a complete mystery, this 
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fact manifesting itself in the necessity of introducing for 
each newly discovered particle its mass phenomeno- 
logically into the theory. 

It is the purpose of this Letter to propose a line of 
attack which promises to remove these two difficulties 
in one stroke at an early stage of the theory, i.e., prior 
to quantization of the field variables which describe 
the “particle.” 

Consider the following simple model. We imagine a 
“particle” to be a self-maintained excitation of a 
medium, described in terms of the usual electromagnetic 
potentials A, and a spinor field y of vanishing mechan- 
ical mass, so that the following gauge-invariant and 
Lorentz-invariant variational principle is satisfied : 


fs] le 
jf tar 0; L= he it be v( = 4. )¥ 
, oe. 2 
1 OA, OA, 2 1 OA, 
wi ara 
l6m »»\ Ox, Ox, Sr\ « 


yi=W*s; 


VeVe Tt VV = 


OX, 


Ye=1u8; vs=B8; 
(2) 
by»; 


Xq= Il. 


Independent variation of ¥' and A, yields the field 
equations 
_ w ie 
> Yr a 


, OX, c 


(3) 


> vAw, 


eA 


“= —dehep typ. (4) 


» Ox,” 


On the potentials A, we impose, as usual, the condition 


(5) 
Ox, 


We shall now label any solution of this nonlinear 
simultaneous system of Eqs. (3), (4), (5) a “particle,” 
provided some reasonable boundary conditions are 
satisfied by that solution. Regions in which the current 
appearing on the right-hand side of Eq. (4) is negligible 
will be called the “‘exterior’’ of the particle, and regions 
in which this current is appreciable will be called the 
“interior” of the particle. One might say that in this 
primitive model photons and neutrinos are considered 
as basic building stones, each acting as the glue, as it 
were, which holds the other together, and thus forming 
a compound called “particle.” 

Now any regular stationary solution for the interior 
which can be joined to a solution for the exterior corre- 
sponding to, say, an electric pole and a magnetic dipole, 
would reveal itself to an external observer as a stable 
particle, carrying charge and magnetic moment. The 
mass of the particle can be defined then in terms of the 
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canonical energy momentum tensor as 
1 
“n= frav; 
2 
{ thc wy at 
Tu= “(v0 ee vw) 
< OX, OX, 
0A, OL 
-> ——+L, (6) 
, Ox, G(dA, 0X4) 


and would consist, in the case of solutions that are regu- 
lar everywhere, of finite contributions from both the 
spinor field and the electromagnetic field. It is clear that 
different types of solutions should yield different masses 
corresponding to these solutions. We anticipate, in 
fact, the appearance of a mass spectrum.! 

It should also be possible to understand by a theory 
of this type the reason for the fact that certain kinds of 
particles, like magnetic poles, do not exist in nature, 
because it is conceivable that no solutions regular in 
the interior can be found which would fit to a solution 
of the exterior corresponding to, say, a magnetic pole. 

It appears also reasonable to expect that within the 
framework of such a theory one may be able to grasp 
unstable particles, and particles which possess excited 
states. In fact, the ultimate aim of this effort is to 
understand all particles, from the electron up to the 
unstable nuclei of the heaviest elements in terms of 
excitations of a medium which is described by a 
variational principle of the type (1). 

Work to produce solutions of the field equations 
[ (3), (4), (5)] is under way. 

1 Since the basic action principle (1) does not contain any 
constants from which one can build any constant of the dimension 
of mass, it is obvious that the anticipated mass spectrum must 
appear in terms of a smallest mass which remains completely 
undetermined in the classical theory, and which by similarity 
transformation of the solutions may be fitted to the experimental 
value. The situation is analogous to that encountered by J. A. 
Wheeler in his theory of classical geons [Phys. Rev. 97, 511 
(1955) }, which may be called “particles” built up out of gravitons 
and photons 
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HE nuclear shell structure and the equilibrium 
shape of the nucleus are intimately related. 
Thus, the nuclear distortions are a consequence of the 
centrifugal pressures exerted by the individual nu- 
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cleons.' In turn the deformation of the nuclear field 
implies important modifications of the nucleonic 
motion.? This interplay between nucleonic motion and 
nuclear distortion is most easily studied in nuclei 
possessing large equilibrium distortions. In the present 
note we report a classification of the nucleonic states in 
the deformed nuclei in the region 150 <A <194, From 
the ground-state configurations we then calculate the 
equilibrium deformations.’ 

The level spectrum of individual particle motion in 
an ellipsoidal potential with the inclusion of a spin-orbit 
force has been calculated as a function of the nuclear 
eccentricity.’ The adjustable parameters in the poten- 


TABLE I, The expected ground-state spins, /4.0, obtained from 
Figs. 1 and 2, are compared with measured nuclear spins taken 
from reference 6. The assumed nuclear deformations are deduced 
from the measured intrinsic quadrupole moments where available; 
in other cases interpolated values are employed. 


Assumed 

dcetorma 
Nucleus tions 1 tee Toxs 
§..Eu'* 0.16 3/24, 5/2% 5/2 
® Eu 0.30 5§/2+-, 3/24 §/2 
4..Tb# 0.31 3/2+-, 5/2+ 3/2 
;Ho'®* 0.30 7/2—, 1/2+ 7/2 
0 Tm! 0.28 1/2+,7/2- 1/2 
4 Lu’ 0.28 7/2+, 5/24 7/2 
s,.-Ta'®! 0.23 5/2+, 7/2+ 7/2 
10, .Re'™ 0.19" 9/2—, (5/2+) §/2 
12,,Re!# 0.19 9/2—, (5/2+) 5/2 
4] 0.14 3/2+, 1/2+, 11/2— 3/2 
6,,[ 7% 0.12* 3/2+,1/2+, 11/2- 3/2 
*..Gd' 0.31" 5/2+, 3/2- >3/2 
%..Gd'* 0.31" 3/2—, §/2+ >3/2 
% Dy 0.31" §/2- 
a < a : t 
Erie 0.29" 1/2—, 7/2+ 7/2 
4b!” 0.29" 7/2+, 1/2- 1/2 
1086 b!73 0.298 $/2— 5/2 
0s, Hf'?? 0.26 7/2- 
7, Hf? 0.27 9/2+ 
,.W'8 0.21 1/2—,7/2~, 3/2— 1/2 
11, 6Os'*7 0,18" 1/2—,3/2—, 9/2+ 
13,,Os'* 0.15* 1/2-—, 3/2—, 11/24 3/2 


* Interpolated value 
+ Prediction sensitive to assumed deformation 


tial, such as the strength of the spin-orbit force, have 
been chosen to reproduce as well as possible the ob- 
served single-particle spectra in the approximately 
spherical nuclei near closed shells.* It is found necessary 
to choose slightly different parameters to reproduce the 
neutron and proton spectra respectively. For the 
protons we use the parameters corresponding to Table 
Ib of reference 5, while for the neutrons the parameters 
of Table I of the same reference are employed. The dif- 
ferences between these two choices of the parameters 
are in the general sense of favoring proton orbits of 
higher angular momentum as compared with the cor- 
responding neutron orbits. 

The parts of the spectra relevant to the present dis- 
cussion are reproduced in Fig. 1, which covers the 
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which 
126. The 


is related 


proton orbits from Z = 50 to Z=82, and in Fig 
covers the neutron orbits from V=82 to \ 

abscissa is the deformation parameter 6 which 
to the 


means of the relation 


intrinsic electric quadrupole moment Q» by 


Og= 4*ZRP76(14+ 464 
and R 


lear charge distribution, which 


where Z is the nuclear charge number is the 


mean radius for the nu 
Ro=1.2KA'N10 cm he 

orbits are labelled by the 

2, of 


nuclear symmetry 


we take to be individual 


parity component 


angular along the 


Each 


twice, corresponding to the two 


AER ee 
the nucieon s 


orbit 


axis 


ve Oct upied 


Dossil 


The absence of degeneracies, except associated 
coupling 


odd-A 


with the sign of Q,, implies a very 


scheme for the particle motion 


; , 
nucieus the ground 


22, for the orbit ox upied 


lor certain exception 
It should be noted 
deviations from 


contain many 


the relation of spin 


rules as to 
shell 

In order to employ these level 
fication of the nuclear states it is necessary to have an 
deformation. We 


estimate of the nuclear equilibrium 


use for this purpose the mez uclear quadrupole 


moments (>) and the relation The values of Op» are 


taken from a recent summary’ of Coulomb excitation 
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and lifetime determinations, and the resulting values 
of 6 are given in Table I. 

Employing the observed deformations one can obtain 
from Figs. 1 and 2 the expected nuclear ground-state 
spin and parity. The values obtained in this way are 
compared with the experimental spins in Table I. 
Where the calculated spectra give several close-lying 
states, the exact sequence may be somewhat fortuitous, 
and in such cases several possibilities are listed in 
column three of Table I. One expects the alternative 
states to occur as low-lying intrinsic excitations in the 
nuclear spectra and in many cases these have already 
been observed. Thus, for example, in Lu'’® the 5/2+ 
state occurs at an excitation of 342 kev.* In W'® the 
3/2— intrinsic excitation occurs at an energy of 209 kev, 
while the 7/2— state is at 453 kev. 

Additional low-lying excited states in the nuclei in 
the region A~190 may result from the nucleonic states 


61 70 39 








° 


Fic. 2. Same as Fig. 1 but for neutrons from NV =82 to VN=126. 
of low 2, from the next higher shell (these levels are 
not shown in the figures). Such configurations would be 
characterized by appreciably larger deformations than 
in the ground state 

The agreement between the observed spins and those 
obtained from Figs. 1 and 2 is seen to be excellent and 
thus to support the coupling scheme employed in the 
description of the nucleonic motion. 

he very great difference in the deformation in Eu'™! 
and Eu'®* implies rather different intrinsic spectra in 
these two isotopes. In Eu'® the ground state has 
Q,=5/2+, and the excited configuration at 103 kev 
has the expected 2,=3/2+ character.” Although Eu! 
also has a ground-state spin /=5/2, the measured 
magnetic moment identifies the configuration as Q, 
=5/2— (orbit No. 36 in Fig. 1) 

The observed magnetic moment and _ rotational 
spectrum of Tm'® has been discussed previously" and 
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found to be in good agreement with the present classi- 
fication. 

Following the filling of the 7/2+ orbit in Lu'’®, the 
next two protons appear to fill the 9/2— orbit pairwise. 
The 7/2+ orbit then occurs a second time as a ground 
state in Ta'*', and the Re isotopes have the 2,=5/2+ 
ground-state configuration. Although the 9/2— orbit 
thus does not occur as a ground-state configuration, 
its existence is verified by its occurrence as an excited 
configuration in Lu'’®,? in Lu'”’,* and in Re'*’.* The 
occurrence of this small irregularity in the level sequence 
may be associated with the residual interactions between 
the nucleons." 

The experimental evidence concerning the spins of 
Hf'”? and Hf'” is conflicting. Tentative hyperfine 
structure measurements'® have been interpreted as 
suggesting a spin of 4 or 3. However, more recent evi- 
dence'* from the nuclear rotational spectra seems more 
consistent with the high spins expected from Fig. 2. 

In the discussion of the nuclear ground-state spins, 
we have used the experimentally measured deformation. 
One may, however, obtain a theoretical estimate of 
this quantity by considering the total nuclear energy 
obtained from Figs. 1 and 2 as a function of the defor- 
mation and thus obtain the equilibrium shape for each 
configuration.’ It is found that the calculated equi- 
librium shapes have the observed prolate type of 
deformations for the nuclei considered in the present 
note. The calculated deformations for the ground-state 
configurations are also found to follow rather well the 
variation of the nuclear distortions as deduced from 
the observed electric quadrupole moments (see Fig. 3). 





xs o Experimental deformations of even-even nuciel 
«x Experimental deformations of odd - A nuctei 
7~ Calculated deformations for odd - A miei 
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Fic. 3. The calculated ground-state equilibrium deformations 
are compared with those deduced from the observed intrinsic 
quadrupole moments 


In particular the dramatic increase in the nuclear 
deformation which is observed"* in going from neutron 
number V=88 to V=90 follows as a consequence of 
the breaking up of the /y),2 shell which occurs at this 
point. 
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During the course of the present work we have 
enjoyed many illuminating discussions with Dr. A. 
Bohr, and it is a pleasure to acknowledge the stimu- 
lation which he has provided. 
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EAN lifetimes for heavy mesons from cosmic 

rays have been reported by various groups using 
cloud chambers and Cerenkov counters.'? We have 
carried out a measurement of the mean lifetime of 
artificially produced K*+ mesons by making use of their 
decay in flight in nuclear emulsion. 
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“Along the track”’ scanning of K* mesons in nuclear 
emulsions has shown a number of interactions in flight’; 
in addition, 19 events have been found in which there 
is a single outgoing track of grain density less than that 
of the incoming A* meson. In each of these events the 
mass of the incoming particle was determined by grain 
counting and multiple scattering measurements and its 
identity as a A* particle was thus established. If these 
were due to interactions in flight, one would 


expect to find 


events 
some stars with a lightly ionizing track 
coming out together with one or more black evaporation 
No suc! 
Interactions in 
It th 


events of this type as the 


prongs stars were observed. Also, none of the 


flight sO far seen” give off a visible L 
meson erefore seems reasonable to identify all 


decay of K* mesons i 
From the number of decays in 


siowing-aown 


proper 
lowed, a mean lifetime 


Stacks of stripped 6004 Ilford G.5 


I 
rt 


were exposed edge on the fon used K , 


nuclear emulsions 
meson beam‘ 


e Bevatron. The mesons were produced from a 


copper target at an angle ol QO” to the 6.2-Bev proton 


beam and travel a distance of 2.7 m from the target to 
the emulsion stac k 


different 


Exposures were made with two 
momentum-acceptance bands, 
390 to 450 Mev /« 


momentum. In such an 


positive par 


momentum and 335 to 360 


te les ol 
Mev /. 


AK mesons, and 


exposure the protons, 
mesons, ali ol 1 Same momentum, 
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uncertainty in the length of 


THE EDITOR 

track scanned. If the decays in flight are due to Kt 
mesons of two or more different mean lifetimes, the 
quantity that has been measured is an average of the 
form 


a 


— 


where a; is the fraction of the K* mesons entering the 
stack that is associated with a mean lifetime of 7;. 
Owing to the time of flight from the target to the 
emulsion stack, less than 3% of any particles of mean 
life 0.3 10-* sec or less would arrive at the emulsion 
stack. Any such short-lived particles would thus be 
highly discriminated against in this measurement. In 
the course of the experiment 1.7 meters of +*-meson 
track was followed which corresponds to a total proper 
slowing-down time of 1.07X10~-* sec. No decay in 
flight of a r* meson was observed. The results of this 
experiment are consistent with those of Mezzetti and 
Keuffel' and Barker e/ al 

We wish to thank Dr. Edward J. Lofgren and the 
entire Bevatron crew for their help in making these 
exposures possible. We also wish to thank Mr. Hugo 
Bayona, Miss Sheila Livingston, Mr. Leonard Peller, 
Mrs. Elizabeth Russell, Mrs. Louise Shaw, Mrs. 
Catherine Toche, Mr. Grady Wike, and Miss Carolyn 
Wood for their help in scanning the emulsions. 

* This work was supported by the U 

'L. Mezzetti and J. W. Keuffel, Phys. Rev. 95, 859 (1954) 

? Barker, Bennie, Hyams, Rout, and Sheppard, Phil. Mag. (7) 
46, 307 (1955 

Chupp, Goldhaber, Goldhaber, Doff, Lannutti, Pevsner, and 


Proceedings of the International Conference on Ele- 
tary Particles, Pisa, Italy, June 1955 (to be published 
Kerth, Stork, Haddock, and Whitehead, Phys. Rev. 99, 641 
1955 
W. H. Barkas and D. M. Young, 
Radiation Laboratory Report No. UCRL-2579 
ver, 1954 (unpublished 
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NEW beta-emitting isotope of technetium has 

been separated from Ru which was subjected to 
intense neutron irradiation in the Materials Testing 
(~2x10" neutrons/cm*). After the initial 
purification, made one year after the end of irradiation, 
the predominant activity was 90-day Tc". The decay 
was followed with an end-window §-ray counter, an 
argon-filled x-ray counter spectrometer, and a scintil- 
lation counter with Pb absorbers of various thicknesses. 
Whereas the 90-day period predominated with the first 
two detectors, the y radiation measured through 6g 


Reactor 
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Pb/cm? showed a 60-day period and a long-lived tail 
which showed no decay during the last six months. The 
60-day component was probably Tc". 

At this time, 2 years after the end of irradiation, 
further purification of the technetium was performed. 
In addition to distillations of TceO; with H»SO,, a 
Dowex-1 anion exchange column was used to effect 
separation from Re.' Three different fractions were 
obtained, each purified to a different extent. The ratios 
of y rays to 18.4-kev Tc x-rays (from Tc?) were 
identical, within counting statistics, for all three 
samples. Therefore the y rays are associated with an 
isotope of Tc. : 

The decay characteristics were established by coin- 
cidence experiments performed with a gray-wedge 
scintillation spectrometer. Gamma rays were observed 
at 100, 203, 650, and 740 kev. The last two lines are 
the strongest and of equal intensity. They are in coin- 
cidence with each other but not with x-rays. Therefore 
the isotope is primarily a negatron emitter and cannot 
be Tc*’, which can decay only by electron capture. The 
203-kev line is very weak and in coincidence with x-rays. 
This line probably is from a little Tc®™ still present in 
the samples; the most intense y ray of Tc*™ is at 201 
kev.” The 100-kev y ray very probably represents the 
isomeric transition of Tc*’™. This line is not in coin- 
cidence with any other radiation. 

Beta radiation was detected with a thin anthracene 
scintillator. The end point was at ~300 kev, the same 
end point as from a Tc* standard. However, unlike 
Tc”, 8 rays of this energy were also displayed in coin- 
cidence with either the 740-kev or 650-kev y rays. A 
quantitative comparison of the 8-y coincidence rate of 
the Tc sample with that of a Co™ source showed that 
about half of the 300-kev 8 radiation was not in coin- 
cidence with the y rays. The noncoincident fraction is 
attributed to 2.1 105-yr Tc® which is known to emit 
no y rays.” The above data indicate a decay scheme in 
which 0.3-Mev 8 rays are emitted followed by 0.74-Mev 
and 0.65-Mev y rays in cascade. No cross-over transi- 
tion of 1.39 Mev was observed. 

A tentative mass assignment was made by com- 
paring the total disintegration energy, 1.7 Mev, with 
values expected from the semiempirical mass equation® 
and beta-decay systematics‘ for various Tc isotopes: 
0.4 Mev for Tc, 1.9, 0.2, 3.3, 1.7, and 4.8 Mev for Tc” 
to Tc, respectively. Either mass 98 or 101 would be 
a satisfactory assignment ; however the latter is already 
assigned® to the well-known 14.3-min Tc with an 
experimental decay energy of 1.7 Mev.® Further, the 
present isotope has not been observed as a fission 
product as expected for mass 101. Therefore mass 98 is 
most plausible. This assignment and the observed y-ray 
energies also agree with the energy expected® for the 
first excited state of Ru”; and if the 0.74-Mev 7 is 
presumed to precede the 0.65-Mev 7, the ratio of the 
energies of the second to first excited states is 2.14, in 
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excellent agreement with the corresponding ratios 
observed for nearly all even-even nuclei in this mass 
region.’ 

The half-life of Tc is of interest because of its 
bearing on the origin of Tc observed in certain stars, 
and on the possibility of naturally occurring Tc on 
earth.'’* For the Tc isotope reported in this paper the 
half-life is estimated as roughly 10* years, which is far 
too short for survival since original element formation. 
It was assumed that the Tc‘) and Tc” in the sample 
were produced by (m,p) reactions from the corre- 
sponding Ru isotopes, and that the isotopic cross 
sections were the same, except for a factor of 3 to 
correct for the higher (m,p) threshold of Ru. The 
result corresponds to about one millibarn effective 
cross section, a reasonable value in view of the intensity 
of Tc" in the sample, an amount which indicates a 
substantia] fast neutron flux to produce the (n,2n) 
reaction on Ru®. An upper limit of 10° years for Tc 
is obtained by assuming that most of it was formed by 
(n,y) on Tc?" and/or Tc*’. This mode of production is 
improbable because a cross section > 10° barns would 
be required. Work is continuing on the mass assignment 
and half-life. 

t Research performed under the auspices of the U. S. Atomic 
Energy Commission. 

'E. A. Alperovitch, Doctor’s dissertation, Columbia Univer- 
sity, February 1954 (unpublished). I am grateful to Dr. Alpero- 
vitch and Dr. J. M. Miller for sending me some of their resin 

— Perlman, and Seaborg, Revs. Modern Phys. 25, 469 
C.D. Coryell, Ann. Rev. Nuc. Sci. 2, 305 (1953). 

*K. Way and M. Wood, Phys. Rev. 94, 119 (1954) 

5D. R. Wiles, Phys. Rev. 93, 181 (1954). 

*G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953). 

saa Scharff-Goldhaber and J. Weneser, Phys. Rev. 98, 212 
TEA Alperovitch and J. M. Miller, Phys. Rev. 98, 262 (1955). 


« -Proton Interactions at 4.5 Bev* 


GEORGE MAENCHEN, WILSON M. Powe, Georce SApnir, 
AND Rosert W. Wricut 
Radiation Laboratory and Department of Physics, 
University of California, Berkeley, California 
(Received June 28, 1955) 


HE interaction with protons of 4.5-Bev negative 

pions from the Bevatron is being studied by use 
of a hydrogen-filled diffusion cloud chamber.' The 
mesons were produced by circulating protons of 5.7 
and 6.2 Bev striking targets of carbon or uranium. 
=~ mesons emitted in the forward direction from the 
target underwent momentum analysis by deflections 
of 17.6° in the magnetic field of the Bevatron and 10.8° 
in an external analyzing magnet. A 4-foot-long steel 
collimator with a 5-inch-wide gap was inserted between 
the Bevatron and the analyzing magnet. The mesons 
passing through the collimator then entered the cloud 
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I. Relative frequency of various x~-proton interactions at 
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recoil blob usually associated with the star. One such 
event was observed. 

The results are summarized in Table I. 

These 95 interactions occurred in 87000 meson 
traversals of 25 cm through the accepted volume in the 
cloud chamber. Insensitive regions in the chamber at 
times reduced the effective length somewhat. The aver- 
age hydrogen pressure was 526 psi gauge and the tem- 
perature at the beam level was —40° C, so that the 
hydrogen density was 3.9 mg/cm’. Including the four 
small-angle elastic scatters inferred from the diffraction 
pattern, we find a total cross section of 19.7+3.4 milli- 
barns for m~-proton collisions resulting in charged 
outgoing particles. The standard error includes both 
statistical uncertainties and estimated uncertainties of 
the effective path length. All the cloud chamber pictures 
were scanned twice. 

The film was scanned by Mr. John B. Elliot, Mr. 
Arthur A. Kemalyan, Jr., and Mr. Joseph H. Wenzel. 

Further analysis of the data and additional runs are 
planned. 

We are indebted to the Bevatron staff for their kind 
cooperation 

* This work 
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N order to explain the stability of the nucleus, along 
with predicting the correct neutron to proton ratio 
for heavy nuclei, Johnson and Teller' have introduced 


a velocity-dependent term in the Hamiltonian. This 


term is proportional to the kinetic energy of the nu- 
cleons, and gives rise to a changed effective nucleon 
mass. One of the effects of such an effective mass would 
be to change the frequencies of the giant gamma-ray 
absorption resonances. On the basis of an independent- 
particle model, Reifman® and Burkhardt’? have found 
consistently lower frequencies than the observed values. 


The Hamiltonian considered in our work was 


1 V 
H p-{ 1- )p +V, 
2M V 
where V is the nuclear potential and Vo is a positive 
constant. We have used a square well potential with 


V =0 outside the nucleus and V = — V¢ in the interior. 
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This leads to a normal! nucleon mass outside the well 
and to one-half the normal mass inside. The potential 
Vo was assumed to be the same for all nuclei. In order 
to take into account deviations from a square well 
model, slightly smaller values were used for Vo to repre- 
sent average potentials for higher orbital angular mo- 
menta. The individual V» values were adjusted to the 
experimentally determined separation energies. The 
radius for a nucleus of mass number A was taken to 
be 1.24!X 10~" cm to conform to recent measurements.‘ 

In order to facilitate the evaluation of the absorption 
frequencies, the electric dipole matrix elements can be 
reduced to surface integrals. This is done® by expressing 
these quantities in terms of the matrix elements of the 
acceleration which vanish everywhere except at the 
surface of the square well. In the variable-mass case, 
the transformation is still possible, but one must take 
into account that the accelerations are due to the change 
in the effective mass as well as to the change in the 
kinetic energy. 

rhe results are summarized in Table I. 

The calculated cross sections are consistently larger 
than the experimental results. However, two factors 


TaB_Le I. Column 1 gives th 


absorption of photons, calculated using the Hamiltonian given 
n Eq 1 Column 2 contains experimental cross sections for 
photoneutron emission, integrated Mev. The computed 
weighted mean absorption energies, foWdW/fedW are given 
in column 3, and in the final column we have the experimentally 
determined photon energies of the cross-section maxima 


1¢ total integrated cross section for 


to 25 


19.5 
19.0 
17.6 
17.15 
16.5 
15.6 
15.45 
14.8 


PAN ww dh 
nhs @ ino > 
SruSSoE 


os 
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*R. Nathans and J. Halpern 93, 437 (1954 


should be considered in comparing columns 1 and 2. 
Firstly, the calculated cross sections are integrated over 
all energies, and minor contributions for energies 
greater than 25 Mev should be expected. Secondly, 
column 2 gives cross sections for the (y,) reaction, 
while column 1 includes proton emission, fission, re- 
emission of y rays, and possibly other processes. 

Also, the computed absorption energies are also 
larger than the experimental ones. Again we are not 
comparing precisely the same quantities in columns 3 
and 4. The calculated mean energies should be expected 
to be somewhat different from the photon energies that 
give rise to maximum photoneutron absorption. 
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I would like to thank Professor Edward Teller for 
suggesting this problem and for many helpful sugges- 
tions during the course of the work. I am also indebted 
to Dr. R. Huddlestone and Dr. R. Lawson for many 
stimulating comments and criticisms. 

1M. Johnson and E. Teller, Phys. Rev. 98, 783 (1955) 

2A. Reifman, Z. Naturforsch. 8a, 505 (1953) 

+ J. L. Burkhardt, Phys. Rev. 91, 420 (1953) 

* Hofstadter, Fechter, and McIntyre, Phys. Rev. 92, 978 (1953) 

5 E. D. Courant, Phys. Rev. 82, 703 (1951) 

* Recent work of J. S. Levinger leads to similar results when 
comparisons are made in the same energy range (personal com 
munication 


Photoproton-Proton Coincidences from 
Various Nuclei* 


R. M. Wernstern, Brandeis University, Waltham, Massachusetts, 
and Massachusetts Institute of Technology, Cambridge, 
Massachusetts 
AND 
A. Oman, P. C. Stern, AND A. WatTTenBEeRG, Laboratory for 
Vuclear Science, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


(Received June 15, 1955 


REVIOUS observations' of neutron-proton (mp) 

coincidences, produced by high-energy y rays, have 
recently been extended to many nuclei.’ As part of the 
series of (wp) experiments, it was of interest to try to 
observe proton-proton (pp) coincidences, The 340-Mevy 
synchrotron beam of the Massachusetts Institute of 
Technology was used. A typical experimental arrange- 
ment is shown in Fig. 1. The details of the equipment 


will be described in later papers on the (mp) measure- 
ments.’ 


Fic. 1. Experimental arrangement. B = hack counter, F = front 
counter, 7=thin counter, Br= brass, A =amplifier, D= Moody 
discriminator, K.C. = modified Rossi coincidence circuit, S = scaler 
Thin counters and fast coincidence circuits are used to decrease 
chance coincidences and allow the use of thin shielding. 
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both of these reactions are forbidden for a proton- 

proton system in an S-state in the nonrelativistic limit. 

The (pp) events can arise from at least three processes 

in the nucleus: (1) higher order multiple radiation 

absorption,‘ (2) production of a real meson by one 

32000" 50-200 6000 102-11 nucleon, the meson being reabsorbed by a pair of other 
nucleons, and (3) the production of an (mp) pair, the 
11750 106-114 23500 102-11 5 , ©” neutron scattering on a proton inside the target nucleus 
1200 106-114 2400 102-11 ‘ ( causing the ejection of a recoil proton. The internal 

ye eis ee et scattering of neutrons which produce recoil protons is 

estimated to be sufficient to account for the observed 
results. On this picture one would expect ap,/on» to 


increase with the size of the nucleus roughly as observed. 
Table I and are * This work was supported in part by th jint program of the 


he two protor Office of Naval Research and the | tom nergy Com 
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eved that the observer M. Q. Barton and J. H. Smith, Phys. Rev. 95, 573 (1954 
were produced in the Myers, Odian in, and Wattenber tev. 95, 576 (1954 
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Magnetic Moment of the Proton 


D. J. Cottincron,* A. N. DeLtts,t ANDER 


TURBERFIE ) 


1, England 


spectrum ol 


nying a monoenergetit ies ) independent determinations'* of the magnetic 
70 Mev to 150 Mev. On moment of the proton uw, In nuclear magnetons 
} of reference 2. have recently been made by 1 comparison of the spin 

II. one obtains Precession frequency v, and the cyclotron frequency » 
of protons in the same magnetic field. A rather large 
> approximations, discrepancy exists between the 1 ‘sults, and in view of 
the importance of a knowledge of the proton moment 


i-mass given 


for the determination of the atomic constants’ we have 
made a further measurement of this quantity. Initially 
we set up an apparatus which was basically the same 


as that of Jeffries' and obtained a result 4,=2.7927 


+ 0.0003 nuclear magnetons, this figure being derived 

by measufring the spin prec ession Irequency of protons 

through : _ in a water sample and applying a diamagnetic correction 
I id mains + th: of 28 parts per million 

In order to obtain narrower peak widths in deter- 

mining the cyclotron frequency of the proton, we modi- 

fied the geometry of the dees to an arrangement in 

which two outer grounded dees were separated by a 


straight-sided conductor connected to a source of rf 


25 150 250-265 22 voltage at approximately the eighth harmonic of the 
13 600 250-265 ? 

28 800 250-265 = ? ‘ 
39 000 250-265 was chosen so that protons, injec ted with an energy ol 


cyclotron frequency. The width of the central conductor 


9.5 kev into a 6 cm radius orbit in a magnetic field of 
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about 2350 gauss (vy,=10 Mc/sec) initially crossed the 
central conductor in slightly less than one cycle of the 
radiofrequency supply. Subsequently those protons 
which were, as a result, decelerated into a smaller 
radius orbit crossed the central conductor in an in- 
creasing fraction of one cycle and asymptotically 
approached an orbit of 4 cm radius, at which the 
transit time across the central conductor was one cycle, 
resulting in no net force on the protons. 

In this apparatus the energy of the protons remains 
high and a larger number of revolutions can be ob- 
served than in the Jeffries type of inverted cyclotron. 
We obtained current peaks on a probe placed just 
outside the asymptotic orbit which had a full (base) 
width corresponding to a frequency resolution of 1 part 
in 16.000. 

Great care has been exercised in ensuring that the 
protons moved in a region where the field was precisely 
known in terms of the spin precession frequency. All 
materials used in the construction of the apparatus 
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within the magnet poles were tested, and rejected if 
their susceptibility was high enough to disturb the 
field by more than 1 part in 200 000. The magnet, which 
had optically flat polepieces 11 inches in diameter 
separated by 1 inch, gave a field which was uniform to 
+1 part in 60000 over the working region and re- 
producible to +1 part in 200 000, 

The result we obtain with this modified apparatus 
for the magnetic moment of the proton, corrected as 
above for diamagnetism in the water sample, is 


y= 2.792812-0.00004 nuclear magnetons. 


The corresponding values obtained by the workers 
quoted are: Hipple e/ al., 2.79276+0.00006 nuclear 
magnetons; Jeffries, 2.7924;+-0.0002 nuclear magnetons. 


* Now at Epsom College, Surrey, England 

+t Now at Atomic Energy Research Establishment, Harwell, 
Berkshire, England 

'C. D. Jeffries, Phys. Rev. 81, 1040 (1951) 

? Hipple, Sommer, and Thomas, Phys. Rev. 82, 697 (1951) 

*J. W. M. Dumond and E. R. Cohen, Revs. Modern Phys 
25, 691 (1952 
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HE University of Florida in Gainesville was 

host to the Southeastern Section of the 
American Physical Society April 7, 8, and 9, 1955 
on the occasion of the Section's twenty-first meet- 
ing. Two-hundred-thirty physicists from academic 
and the Southeast par- 
ticipated in a program of fifty-five contributed and 
eight invited research papers arranged by M. S. 
McCay of the University of Chattanooga and his 
committee. The titles of the invited papers are 
listed here and the abstracts of the others appear 


below. 


research institutions in 


Ultra-High Vacuum Technique. Danie. ALPert, Westing- 
house Research Laboratories 

Recent Spectroscopic Studies of Thermal Radiation in the 
Atmosphere. DupLey WILLIAMS, Ohio State University 

Nuclear Shell Structure. InGram Biocn, Vanderbilt Uni- 
versiuy 

Detection of the Neutrino—A Progress Report. Ciype L 
Cowan, Los Alamos Scientific Laboratory 

The Solar Battery. Geratp L. Pearson, Bell Telephone 
Laboratortes 

The Nuclear Power Reactor. CLARENCE E 
Ridge National Laboratory 

Current Experimental Work on the Bevatron. Rosert W 
BirGe, University of California 

A Fixed-Frequency Billion-Volt Proton Cyclotron. Tep A 
Wetton, Oak Ridge National Laboratory 


LARSON, Oak 


During the dinner meeting the Section was wel- 
comed to Florida by Dr. J. Wayne Reitz, president 


SOUTHEASTERN SECTION AT 
GAINESVILLE, FLORIDA, APRIL 7, 8, 


UNIVERSITY OF FLORIDA, 


AND 9, 1955 


THE 


of the University, and was addressed by Dr. J. W. 
Buchta of the 
National Science Foundation on the topic ““Govern- 


the University of Minnesota and 
ment-University Relations in Research and Educa- 
tion in Science.”’ 

A section of the meeting consisting of a forum, 
three invited, and five contributed papers all relat- 
ing to the teaching of physics will be reported in 
the American Journal of Physics. 

The Section has elected A. E. Ruark of the Uni- 
versity of Alabama as its chairman for 1955-56. 
Other officers selected are Howard Carr, Alabama 
Polytechnic Institute, vice-chairman; Dixon Calli- 
han, Oak Ridge National Laboratory, secretary ; 
R. T. Lagemann, Vanderbilt University, treasurer, 
and K. Z. Morgan, Oak Ridge National Laboratory, 
member of the executive committee. W. M. Nielsen 
of Duke University is the retiring chairman. Thirty- 
three physicists were elected to the Section during 
the meeting bringing the membership to 538. 

The 1956 meeting will be held at Fisk University, 
Nashville, Tennessee on March 29, 30, and 31. 


Dixon CALLIHAN, Secretary 
The Southeastern Section 
American Physical Society 
Oak Ridge, Tennessee 
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1. The Infrared Spectrum of Hydrogen Fluoride.** Grorc: 
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ranging from 219.96°K to 1500°K usir 


harmonic oscillator approximations 


i the rigid rotator, 


upported by the U. S. Atomic Energy Commissi 
sent address: Spe Training D 


i 1 Oak Ridge Institute of 
Nuclear Studies, Oak Ridge, Tennessee 

5. Infrared Intensity Measurements 
Methanes. Tom T. True, Nanp Lal 
STrRALeEY, The University of North Carolina 
ments of the intensities of infrared absorption 
CH.Cl,, CH.Brz, and CF;Cl. have enabled us to determine 
values of bond moments and bond derivatives. On the basis 
of our work with these molecules together with the experience 
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the rotational constant By =h/82*cIy=20.545, cm™ and the 
centrifugal stretching constant Dy =0.00203, cm™ as compared 
with 20.555 cm™! and 0.0022 cm™ given previously by Talley, 
Kaylor, and Nielsen.” 

* This work was done at the Oak Ridge Gaseous Diffusion Plant operated 
for the Government by Union Carbide and Carbon Corporation 


J =13 was inadvertently overlooked during the measurement 
Kaylor and Nielsen, Phys. Rev. 77, 529 (1950) 


? Talley, 

8. The Effect of Sample Preparation Upon the Infrared 
Spectra of Polynuclear Hydrocarbons.* Netson Fuson, 
MarirE-Lovist Josu N AND Tames R. Lawson, Fisk University 
and Tennessee A & I State Uniwersity.—The effect of change 
of state upon the spectra of the methyl-1,2-benzanthracene 
isomers has been made in the course of a study of the infrared 
spectra of polynuclear hydrocarbons which are carcinogenic. 
The spectra of solid samples, made by the potassium bromide 
pellet technique as well as in Nujol mulls, are compared to 
the spectra of solution samples in nonpolar solvents. Differ- 
band positions and will be discussed. 
Sample preparation techniques will be described. 


ences in intensities 


research has been supported by Grant No. 1520 from the National 
nstitute, U. S. Public Health Service 


Cancer 

9. Charge Spectrum of Cl*’ Recoils from Neutrino Emission 
in the Electron-Capture Decay of A*’. ArTHuR H. SNELL AND 
FRANCES PLEASONTON, Oak Ridge National Laboratory.— 
Magnetic deflection spectrometry of the 9.7 ev CF’ ions which 
result from neutrino emission accompanying the electron- 
has shown that 
ionization 
various peaks completely, and the 


charge distribution is found to be as follows: 


capture decay of A \uger processes leave 


the recoils in various states of The analyzing 


magnet separ ites the 


Percent abundance 
6.2201 
15.7+0.4 
39.2205 
26.7204 
1(0.0+0.2 
1820.1 
0.4201 


Cl nic charge 


not measured in this experiment.) With 
to 500 volts 
es were small compared with the transmission 


(The eutrals are 
predefles tion acceleration amounting the natural 
widths of the lir 
of the 

*tting on the individual lines and measuring counting rates 
oncerned the efficiency of the 
(electron multiplier) which varied slightly with the 
i this correction was 


width ilyzer, and the data were obtained simply by 
st 


The only 
detec tor 


correction needed ¢ 


energ’ 


ind charge of the Impinging 1oOMs 
»htained from integral bias curves obtained by using the recoil 


peaks themselves for charges 2, 3, and 4, and employing an 


ion source for the singly charged chlorine ions. An experiment 
it doubled pressure (1.610 He) indicated that the 


lual gas is to “degrade” the charge 


mm 
effect of collisions in the res 
spectrum, but at these pressures the effect is small 

10. Neutron Resonances in the Kilovolt Region: F"* and 
P™.+ |. R. Patrerson* anp H. W. Newson, Duke Uniwwersity, 
anp E. MERZBACHER, L’nit North Carolina.—Total 
neutron cross sections have been measured by the transmission 
method. The cross-section curve 
99, 50, and 28 kev. The apparent peak cross sections are too 
high for a total angular momentum J =O. Assuming that J =1, 
the area method iverage widths 0.4, 1.5, and 10 kev, 
respec tively. If these resonances are due to S-wave neutrons 
there should be sharp minima at 83, 47, and 27 kev 
of the fact that the resolving power is equal to or less than the 


ersity of 


of F® shows resonances at 


rive 
‘ ~ 
give 


In spite 


displacements between maxima and minima, no such minima 


are found and the cross sections in these regions are 3 to § 
barns greater than should be expected on the S-wave assump- 
tion. It seems very unlikely that the resonances are due to 
S-waves. If the resonances are due to P-waves the possibility 
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that J=2 must be investigated. However, measurements of 
the two higher energy peaks with several sample thicknesses 
yielded much less consistent results for the assumption J =2 
than for J =1; J =1 is slightly more likely than J =2 for the 
27-kev resonance. The reduced widths are 0.09, 0.13, and 0.34 
kev on the assumption that J =1 and /=1 for all three reso- 
nances. Since only three resonances occur below 220 kev, the 
strength function may be estimated to be of the order of 
25x10-*. The cross-section curve of P* is remarkable in that 
no resonances of appreciable strength occur below 140 kev. 
The width of the resonance at 147 kev is about 1 kev assuming 
that J =1. 


+ This work was supported by the U. S 
* Now at Furman University 


Atomic Energy Commission 


11. Neutron Resonances in the Kilovolt Region: Na™ and 
Al*".t A. L. Tot_er,* anp H. W. Newson, Duke University, 
AND E. MERZBACHER, University of North Carolina,—The 
cross-section curve of Na™ has a strong resonance at 50 key 
which is wide enough (about 1 kev) to show an interference 
dip if it is excited by S-wave neutrons; like the F” resonance 
in the previous paper, it appears to be due to a P-wave. On 
this basis its reduced width is about 0.1 kev and its strength 
function about 10X10~*. The shape of the resonance at about 
3 kev is highly unsymmetric, lacks the interference dip which 
should be associated with an S-wave, and has a very long 
high-energy tail of about the shape to be expected from a P- 
his shape is being investigated 
further in the hope of making a more definite identification 
rhe very strong ?-resonances which appear to occur in sodium 
and fluorine correspond to a space resonance at about A = 20; 
this is consistent with the theory of Feshbach, Porter, and 
Weisskopf.' The aluminum and 90 kev 
appear to be S-resonances (J =3) with widths 1.2 and 7 kev 
Few of the higher energy peaks appear to be S- 
resonances so that the order of magnitude of the strength 
function is about 0.110 


resonance at this low energy 


resonances at 35 


respectively 


+ This work was supported by the U. S. Atomic Energy Commission 
* Now at the University of Louisville 
' Feshbach, Porter, and Weisskopf, Phys. Rev 


96, 448 (1954) 

12. Elastic Scattering of Neutrons from Neon. Hans O 
Coun and J. L. Fowrer, Oak Ridge National Laboratory 
The technique of pulse-height analysis of nuclear recoils in a 
proportional counter has been used for a preliminary study 
of the scattering of neutrons from neon of natural abundance 
in the energy region 0.8 to 1.7 Mev 
of 10-kev energy resolution were produced by bombarding a 
zirconium tritide target with analyzed protons from the Oak 
Ridge National Laboratory 5.5-Mev electrostatic generator. 
The proportional counter’ was filled to 2 atmos with purified 
neon gas to which was added 2% CO;. With low-bias setting 
the intregal recoil counts show up prominent resonances at 
0.91+0.01, 1.3140.01, 1.3840.01, 1.6240.01, and 1.68+0.01 
Mey 


energy spectrum was very distorted; an approximate inter- 


Monoenergetic neutrons 


neutron energy. The low energy portion of the recoil 
pretation can only be made for larger angle neutron scattering 
(>90*) 


three higher energy resonances are characterized by increased 


This upper portion of the recoil spectra indicated the 


backward scattering of neutrons 


' Fowler, Johnson, and Risser, Phys. Rev. 91, 441(A) (1953) 

13. Stripping Theory and the Be’(~,d)Be* Reaction.* M. M. 
GorDon, University of Florida.—The experimental data on 
the Be’(p,d)Be* reaction have been analyzed in terms of the 
simple Butler-type stripping theory.' Data at 5-8 Mev and 
22 Mev are available? If the simple theory (in any of its 
various forms) is applicable, then it can be shown that the 
experimental values of (k,/ka)o(@) plotted as a function of 
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k,—4kz| must yield the same curve at all energies. Appli- 
cation of this criterion shows that the 5- to 8-Mev data are 
within themselves nor with the 22 Mev data 
detail, assuming 


not consistent 
The data at 
that the neutron is captured from a p-state 


22 Mev have been analyzed in 
The experimental 
ular distribution cannot be made to agree 


1 radius (Be*): 1.5—2.510-™" cm, which 


and theoretical a 


unless one assumes 


is rather too small 
* This work was begur 
the Oak Ridge I 
' See, eg, R lear Physics 
New York, 1953 1. 111, pp. 194-199, for references and 1 


nick, Phys. Rev. 90 


was a Research Participant at 


Academic Press, Inc 


tatior 
* Cohen, Newmar nad nd Tin 323 (1953 


14. Soil Moisture Determination by Neutron Measure- 
ments. C. H. M. van Bavet, Newton UNDERWOOD 
R. W. Swanson, North Carolina State College 
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15S. FM Multichannel Pulse-Height Analyzer. James 
CovucumMan*® anp C. D. Curtis, Vanderbilt University \ 


} ' he | rh 
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16. Resolving Time of Geiger-Mueller Counters. D. \. P 
WILLIAMS AND Oak Ridge National Labora 
wy \ a tac tor 
for GM counter ver t 


nf rates can be 
obtained by observing the decay 


Dixon CALLIHAN 


; 
empirical over loss correcti« 


iw cle inge¢ { ount g 
of some radio- 


conveniently 


active element. The resolving time is obtained from a com 
ing rat » with that ex pec ted 


~d in this method 


parison of the observed (high) count 
half-life. The time req 


th 


from the known 


can be significantly reduced by giving the radioactive sample 


in accelerated" decay rate by counting at each of several 


fixed distances from the detector 
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17. The Performance of a Cathode-Ray Tube Coincidence 
Discriminator. R. H. Ronrer, J. B. Bamey, A. K. Furr, 
Emory University.—An instrument has been constructed 
which utilizes a cathode-ray tube presentation of pulses from 
two scintillation counters for coincidence or single-channel 
pulse-height analysis. The use of a type-5 short-persistence 
phosphor and a well-focused optical system yields resolutions 
which compare favorably with the resolutions attainable 
using all-electronic systems. Preliminary scanning for co- 
incidences can be accomplished by photographing the pattern 
on the C.R.T. screen. The performance of the instrument will 
be discussed 


18. Chronotron for Time of Flight Studies of Cosmic Rays.* 
G. G. SLauGuTer, M. M. Biock,t anp E. M. Hartu, Duke 
University.—A fast coincidence circuit has been developed 
which allows the measurement of small differences in arrival 
time of a particle at two counters. Plastic scintillators viewed 
by 5819 photomultipliers provide the fast pulses. The pulses 
ire limited, clipped, and then amplified. One of the signals is 
split into ten separate signals, each of which is delayed by 
§x10 
applied to a ten-channel fast diode coincidence circuit in co- 
incidence with the signal from the other counter. The ten 
coincidence outputs are separated from each other by 0.5 
microsecond delays, amplified, and applied to an oscilloscope. 
Che histogram of the ten pulses will peak, after proper equali- 
zation, at the pulse corresponding to the time delay between 
the original signals from the scintillation counters. The time 
resolution of the equipment is of the order of 4X 10~” second. 
Chis equipment is to be operated above a multiplate cloud 
cosmic-ray 


? second with respect to its preceding neighbor, and 


allowing assignments for slow 
part les on the basis of the simultaneous measurements of 


locity and residual range. Mass and energy resolution of the 


chamber mass 


arrangement will be discussed 


work was supported by a grant fr 


1 the National Science Foun 


litary leave of absence 


19. The Simultaneous Contrast Effect in Heterochromatic 
Brightness Comparisons. ANTONIOS ANTONAKOS, University 
yf North Carolina (introduced by Paul E. Shearin).—An 
ipparatus was designed and constructed for investigating the 
of the simultaneous contrast effect in an indirect 
ull method for making heterochromati 
Each of the two juxtaposed simultaneous contrast 
patterns consisted of a square with a smaller square (called a 
target The luminances and chromaticities 
of the four areas were capable of continuous variation within 
limits. Physical methods were employed in the calibration of 


reliability 
brightness com- 


parisons 


centered within it 


the apparatus. A fixed ratio of surround to target luminance 
was maintained for one pattern and any induced hue differ- 
The surround of 
the adjacent pattern was given a sequence of preselected 
of the variable surround the 
brightness of the variable target with 

\ linear relationship was assumed to 


ences between the targets were neutralized 


luminances At each setting 
ybserver equated the 

that of the fixed target 
exist for the luminance coordinates of the variable pattern 
The constants of the line were determined statistically. The 
hypothesis was made that if the known value of the fixed 
target were substituted in the equation of this line, it should 
give a value for the luminance of the fixed surround close to 
its true value. Thirty-six observations made by ten individuals 


are reported 


20. A Small Electromagnet for Low-Temperature Magnetic 
Measurements.* T. E. LeInnaRpT AND J. M. REYNOLDs, 
Louisiana State University (introduced by Max Goodrich) 

\ small 
kilowatt dc 


water-cooled magnet powered by a 125-volt, 15- 
generator, has been built for low-temperature 
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magnetic measurements. The yoke of this magnet was formerly 
part of an industrial impulse magnetizer. On each of its 5 in. 
5 in. cylindrical poles, four coils and three cooling plates are 
mounted. Each coil—5} in. i.d.X 104 in. o.d.—has 120 turns 
of 1 in. X0.015 in. high electrical conductivity copper strip. 
The eight coils are series connected and have a total resistance 
of 1.1 ohms at 25°C. The cooling plates consist of grooved and 
slotted annular disks—5} in. i.d. X11} in. 0.d.X} in. brass— 
over which are soldered , in. brass annular disks having the 
same diameters. Water enters through an intake fitting on the 
outer rim of each of the plates, is directed along a diameter 
toward the inner rim, and, then, is circulated back and forth 
through a series of concentric grooves to a discharge fitting 
on the outer rim. The coil windings are insulated with 0.005-in. 
“Peerless’’ Fish Paper. Fiber Glass Base Phenolite (Nat 
G-5-813) in sheet form, 0.010 in. thick, electrically insulates 
the coils from the cooling plates. Pressure baking assures good 
thermal contact. The coils are wound on Phenolite Tubing 
(Nat. XX-24)—5 in. id.X5} in. o.d.X1 in. All of these 
insulating materials were obtained from the National Vul- 
canized Fibre Company. Preliminary show that in 
constant operation the magnet delivers about 13.5 kilogauss 
at 100 amperes and 130 volts over a 1 ¥ in. air gap 


tests 


* Supported by the National Science Foundation 


21. Atmospheric Turbulence. M. J. SauNDERS anp A. G. 
Smitu, University of Florida.—As part of a program in long 
range photography, phase contrast methods are being used to 
study optical inhomogeneities in heated air masses. These 
methods are based on the techniques originally developed by 
Zernike for the testing of optical elements. The sensitivity of 
the method is such that changes in the index of refraction in 
the fifth-decimal place can easily be detected. It is intended to 
correlate these observations with the photographic resolution 
of targets at intermediate and long ranges 


22. Double Interpolation and Differentiation Formulas. 
Kvo-Cuu Ho, Department of Physics, University of Florida. 
For making interpolations at different parts of a table, double 
interpolation formulas for mixed forward, backward, and 
central differences have been derived. However, these for- 
mulas are rather cumbersome and time consuming in use. 
For interpolation with more than one variable, formulas in 
terms of the tabular entries f;; directly instead of differences 
are much simpler to use. Salzer' has derived such a formula 
for double-forward interpolation in terms of f;. This formula 
works satisfactorily for interpolation near the head of a table 
For the purpose of interpolating at other parts of a table, 
double interpolation formulas for other than double-forward 
interpolation formula have been derived. Expressions for 
partial derivatives of different orders in terms of both double 
differences and f,; directly, including those needed in the 
numerical solution of partial differential equations, are also 
worked out 


1H. E. Salzer, J. Math. and Phys. 26, 294 (1948) 

23. On Focusing High-Current Electron Beams by the 
Aperture Effect. Kvo-Cuu Ho, University of Florida.—A 
theoretical study has been made of the focusing of high-current 
electron beams by means of the aperture effect. The aperture 
effect is obtained by a triode electron optical system. An 
equation for describing the beam profile through a region of 
varying electric field, including the space-charge force, has 
been derived. Both the condition for obtaining the minimum 
radius of the beam and the condition for optimum focus have 
also been worked out. Two numerical examples are treated to 
illustrate the triode focusing of electron beams with two 
different total current magnitudes of 50 and 250 w amp. It is 
found that by using this triode system the final energy of the 
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electrons and the total current of the electron beam may be 
controlled separately. 


24. Effect of Inclusion of Exchange in the Thomas-Fermi 
Treatment of Molecules. James D. ALEXANDER AND WAYNE 
A. Bowers, University of North Carolina.—In order to see 
whether the statistical theory can be made to yield useful 
results when applied to molecules, we have included the Dirac 
exchange term in approximate calculations on two types of 
molecular systems. For diatomic homonuclear molecules the 
Thomas-Fermi theory, which predicts a binding energy ~Z""* 
and equilibrium internuclear separation ~Z~', in violent 
contradiction to experiment, is not appreciably improved by 
inclusion of exchange. For the “spherical’’ molecule used 
previously by March! and one of us* as a model for tetrahedral 
(X Y,) and octahedral (X Y¢) molecules, inclusion of exchange 
considerably modifies the curve of equilibrium radius vs 
N/Z (N=total charge of Y nuclei, Z =charge of X); although 
the agreement with experiment is improved for some mole- 
cules it is worsened for others. In general, one may say that 
although the statistical theory can yield charge distributions 
which are roughly correct, it is not accurate enough, even 
with inclusion of exchange, to predict those molecular pa- 
rameters depending on the total energy. 


'N. H. March, Proc 19$2) 


?W. A. Bowers, ]. Chem 


Cambridge Phil. Soc. 48, 665 
Phys. 21, 1117 (1953) 


25. Particle Binding Energies in the Diffuse Boundary 
IPM.* Avex E. S. Green, The Florida State University 
The approximate eigenvalues for a spherical well with an 
exponentially diffuse boundary and with spin-orbit splitting 
are applied to the study of the particle binding energies. The 
introduction of the diffuse boundary affords the possibility of 
(a) positioning zero velocity s-wave maxima of the neutron 
cross-section suface at mass numbers where they are observed, 
(b) reducing the particle binding energies to within the ob- 
served range, and (c) reducing the discontinuities in particle 
binding energies to within the observed range. For a middle- 
weight element the 1/e length of the exponential region needed 
appears to be of the order of 0.3 of the radius of the inner 
region of uniform potential. 


* Supported by a grant from the FSU Research Council and the U, § 


Atomic Energy Commission. 


26. The Diffuse Boundary IPM Mass Surface.* Kiuck Ler 
AND ALEX E. S. Green, The Florida State University.—The 
approximate eigenvalues for a spherical well with an expo- 
nentially diffuse boundary are applied to the study of the 
IPM mass surface. It is found that the use of a diffuse bound- 
ary improves considerably the mass surface obtainable from 
a strict IPM. Apparently, however, some additional forces 
such as, exchange forces, velocity dependent forces, or many 
body forces are still needed to derive a completely satisfactory 
mass surface but the demands upon such forces are much less 
for the case of the diffuse boundary than the case of the sharp 
boundary. This work suggests an explanation for the differ- 
ences between the radii of the proton and neutron distri- 
butions which is more direct than that of Johnson and Teller. 


* Supported by a grant from the U. S. Atomic Energy Commission 

27. The Mixed Wigner-IPM Mass Surface.* Jvuiivs 
SALAcz-DOHNANYI AND ALEX E. S. Green, The Florida State 
University.—The work of Green and Lee on the diffuse 
boundary IPM model suggest that the energy level structure 
is far more complicated than might have been inferred on the 
basis of the sharp boundary IPM model. Furthermore it 
seems that additional forces of the nature of those appearing 
in the Wigner-Uniform Mass model are needed to provide a 
really satisfactory mass surface. From these as well as other 
heuristic considerations one is led to investigate the effect of 
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28. pag pion « the agen Mass Equation. * 
KENNETH L. Za ‘1 S. GREEN 
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29. Interval Distribution of Cosmic-Ray in Ex- 
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M. M. Briock,t anp E. M. Hartn, Duk 
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a total of 3100 
scanned, 15 scatterings were observed in the gas. 
s were identified on the basis 
polar angles. The 


was used to select momenta of 750 Mev/c. In 
pictures 
Elastic scatterin 
and 
determined by 
g for the unobserved small angle decays 


of coplanarity 


measurement of the pion flux was 


observing the number of r- decays and cor- 


rectin From the ratio 


the number of 2-u~ decays to the number of scatterings, a 


section for x*-p interactions at this energy can 


This 


neh cross 
be obtained work is preliminary to a more complete 


study 


al Research and 


32. Unstable Combinations Which Can Simulate Neutral 
Mesons. Artuur E. RvarK AND WiLLiam B Uni- 
versity of Alabama stable particles are observed 
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34. Validity of the Current Practice of Using Single- 
Exposure Data to Calculate Maximum Permissible Con- 
centrations in Air and Water for Continuous Exposure to 
meer po M. J. Coox, K. Z. MorGan, Oak Ridge 

ational Laboratory anv A. G. Barkow, Marquette Unt- 
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radioactive coefficient, \-, and the biological coefficient \y. An 
experiment to test the efficacy of this practice was conducted 
by administering Co” in a single dose by stomach tube to a 
group of 196 mice and by maintaining Co® contamination at a 
constant level for two months in the drinking water of another 
group of 179 mice. Animals from both groups were sacrificed 
at various time intervals and the Co present in the body 
measured. The MPC calculated from the single- 
exposure data checked within a factor of two with the MPC 
values determined from the continuous exposure data. 
Because of large uncertainties in biological data available for 
calculating MPC values, a calculation that does not introduce 
an error greater than a factor of two is satisfactory. Experi- 
ments are being continued with larger groups of animals and 
with other radio-nuclides. 


organs 


35. Tungsten L X-rays from a Be-Window Tube.* RicHarp 
Raripont AND P. K. S. WANG, Vanderbilt University.—Meas- 
urements have been made using a 50 PKV x-ray tube with a 
thin beryllium window and a full wave rectifier. The detector 
was a Nal(T1) crystal 2 mm thick with an extra thin (0.5 mil) 
Al window. A scintillation spectrometer gave the count rate 
as a function of pulse height, which was plotted automatically 
on a linear recorder. Relative intensities were found by meas- 
uring the areas under the curves and also by integrated 
counting. Without additional filter, a high-intensity peak 
appeared. This peak was superimposed on the long wavelength 
portion of the spectrum. Absorption measurements showed the 
energy to be comparable to the L x-rays of tungsten, the target 
material of the tube. However, when this peak was effectively 
filtered out, the absorption curve gave, by Laplace transform,' 
a spectrum which agreed with previous results** of the 
bremsstrahlung continuum 


* This work was partially supported by a U. S. Atomic Energy Com 


mission sponsored project 
+ U. S. Atomic Energy Commission Radiological Physics Fellow 
1]. R. Greening, Proc. Phys. Soc. (London) A63, 1227 (1950) 
2H. A. Kramers, Phil. Mag. 46, 836 (1923). 
*C. R. Emigh and L. R. Megill, Non-Destructive Testing 11, 30 


1953 

36. The Energy Spectrum of a Low-Voltage X-Ray Tube.* 
MarVIN TIDWELL,f S. K. HayNes,t AND P. K. S. WANG, Van- 
derbilt University.—The energy spectrum of a beryllium window 
x-ray tube operating at 50 PKV and a maximum intensity of 
about 2 million r/min was obtained using a Nal(T1) scintil- 
lation spectrometer. Measurement was made at an air distance 
of 8 cm for several values of current and voltage. The measured 
spectrum was compared with fair agreement to the theoretical 
spectrum calculated by Jennings! for a similar tube operating 
under the same conditions. The comparison was made by 
applying to the theoretical spectrum the smearing effect of the 
spectrometer. Measurements as well as corrections will be 
presented. 


* This work was partially supported by a U. S. Atomic Energy Com- 


mission sponsored project 
+ Now at Tennessee Polytechnic Institute 
t On leave of absence, 1954-1955, at the University of Paris 
'W. A. Jennings, Brit. J. Radiol. 26, 193 (1953 


37. K-Series Fluorescence Yield Measurements of A, 
Cu”, and In'’.+ G. R. Harrison, R. C. Crawrorp, anv J. 1. 
Hopkins, Vanderbilt University.—A versatile and stable pro- 
portional counter has been developed which offers merit for 
the solution of some radio-nuclear problems. It was con- 
structed from a brass cylinder 17 in. long and 4 in. in diameter, 
utilizing a 2-mil coaxial central wire. It was found to have a 
wide range of voltage proportionality, a relatively low effective 
capacity, and a half-width resolution of 13% on the 8 kev 
Cu® x-ray transition. The K-series fluorescence yield of argon 
has been measured by the method of Cu*® x-ray excitation 
and found to be (0.081+0.006). The K-series fluorescence 
vield for Cu** was measured to be (0.39+0.02), and that for 
In™ to be (0.816+0.020). In arriving at the computed values, 
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corrections were made to compensate for the reduced intensity 
of the escape peak or the photopeak caused by reabsorption 
of the K x-rays of argon in the argon gas, and for the incident 
radiation absorbed in the L-, M-, N-shells. Errors in intensity 
determinations from other effects were taken into account. 
We believe a liberal allowance has been made in estimating 
the probable errors, and because of good agreement with 
theory and with values determined by other methods, the 
results are gratifying. 


+ Supported by the U. S. Atomic Energy Commission 


38. Proton Bremsstrahlung. Davip Conen, University of 
Miami (Florida) (introduced by Joseph Callaway).-—-Careful 
statistical analysis of the raw proton bremsstrahlung data,’ 
recently re-evaluated at Berkeley,? yields more information 
about the high-energy end of the Z-dependence curves. This 
statistical evaluation produces results which does not allow 
one to definitely state the mechanism of nuclear interaction 
which produces the change of state of the proton. This is 
somewhat contrary to previous possible interpretations.’ A 
case may be developed for pure proton-nucleon collisions, pure 
proton-nucleus collisions, or a combination of both. The latter 
appears to be the most probable interpretation. These Z- 
dependence curves will be presented again in the light of the 
full statistical development. 


! Cohen, Moyer, Shaw, and Waddell, Phys. Rev. 95, 664(A) (1954). 
? Charles Waddell (private communication) 


39. On the Relative Number of Gamma Rays from Po*”, 
Onofre Royo, M. A. Hakeem, AND Max Goopricu, Lou- 
isiana State University.—It has long been known that the 
alpha decay of Po*® is accompanied by a weak gamma ray 
of about 800 kev. The number of these gamma rays has been 
reported to be from 1.5X10~* to 1.8X10~* times the number 
of alpha rays. In the course of some work on Po* the authors 
have redetermined this ratio using scintillation spectrometer 
techniques. The alpha-ray measurements were made with a 
plastic scintillator using a diaphragm, while the gamma-ray 
measurements were made with a large (3 in. diameter by 3 in. 
long) sodium iodide crystal. The resulting ratio of 1.2K 10~*% 
for N,/ No (estimated error 10%) is believed to be significantly 
below the published values. 


40. A Monte Carlo Calculation of Gamma-Ray Reflection 
Coefficients of Concrete and Aluminum.*t J. F. )’erKins, 
Convair.—Number and energy gamma-ray reflection coef- 
ficients have been calculated for a material of 2,4, #13, cor- 
responding to both concrete and aluminum, The Monte Carlo 
method was used, the calculations being performed on an 
IBM-701. The single- and multiple-scattered components 
were evaluated separately; the multiple-scattered component 
was considerably the larger of the two in most cases, being as 
much as three times as large as the single scattered com- 
ponent. For moderately small incident angles the emergent 
photons are distributed approximately proportionally to the 
cosine of the normal angle of emergence. The spectra peak 
around 150 to 250 kev and in some cases have a second peak 
at higher energy; such secondary peaks move upward in 
energy and increase in importance as the angle of incidence 
increases. The average energy of the emergent photons varies 
from 0.33 to 1.4 mec*. For the multiple-scattered component 
the average energy varies from 0.30 to 0.93 moc*. Build-up 
factors have been calculated for 2 mg* gammas normally 
incident on aluminum of 2 and 4 mean free paths thickness. 

* Work performed under contract with the Wright Air Development 


Center of the U. S. Air Force 
t Now at Lockheed Aircraft Corporation, Marietta, Georgia 


41. An Investigation of Alpha Resonances in Aluminum.* 


T. K. Fowrer anp J. |. Hopkins, Vanderbilt University.— 
A simple scintillation counter arrangement was used suc- 
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illy to Al? (a, p)Si® 
# polonium as a source restricted observation to alpha 
~5 Mev. Both alpha resonances and proton 
antitatively observed to at least two significant 


estimated possible resolution of 200 kev. It 


cessf\ nvestigate resonances in the reaction 
Use 
TEesOnances bee low 
groups were qu 
figures with an 
that 


accepted 


observed v- 
cali- 
new calibration of 


deviation of 
inaccurate 


was thought the systematic 


values from values resulted from 
thracene. A 
a,p reactions would solve 
prohibitive difficulty 
polonium gamma background, which 
peaks below 4.3 Mev. Within the limits stated 
arrangement found to be an adequate instrument for 
the rapid search for resonances in a,p reactions 
t is believed that the design of 
ninety degrees to eliminate 


bration data for protons in ar 
the ins 
that problem. A 


trument based upon know: 


more consisted of 
obscured the 


above, the 


proton 


was 
Because of 
t success a similar 


the presen 
arrangement tor ation at 


tld be i 


obsery 


gamma background wo teresting 


* Se» t by the tI’. S. Aton Energy Commissior 


RAYMOND K. SHELINE AND 


A New Radioactivity Mn. 


Josern R. WILKINSON lorida State Universit Chromic 
oxide (92.1% Cr®, 5.7% Cr®, 1.7% Cr®™, and 0.5% Cr®) was 
bombarded with 29.03 microampere hours of 94-Mev protons 
to pr luce a new radioactivity Mn® by the reaction Cr®™(p n) 
Mn®*. Decay and absorption measurements indicate that this 
nuclide is a K-capture activity without gamma rays or 
positr With the assumption that the cross section for the 
react Cr*(p.n)Mn® and Cr“(p,n)Mn*™ are the same, it is 
possible to calculate an approximate half-life of 140 years for 
this nuclide. These data, together with those from previous 
measurements on the energy levels of Cr®™ indicate that Mn® 
decays from a Fy. ground state to a paCr™ ground state in 
1 forbidden transition with a relatively high log/ft value 
+7 work sorted by the U. S. Atomic Energy Commissi 


43. On the Elastic Scattering of Slow Electrons by Atoms- 


Wistam J. Byatt, University of Alabama (introduced by 
Arthur FE. Ruark) For electrons of zero angular momentum 
the radial wave equation with suitable boundary conditions 
has been transformed into an eq tivalent integral equation 
By iterat after the fashion of Liouville, the radial portion 
of the wave function is then developed in a power series. From 
this expression, one may extract the phase shift. The first and 


the second steps in the iteration process yield phase shifts more 
nearl 1 agreement with previous (exact) calculations than 
does the Born calculation. The second iteration, for example 


v correct within 4%, while the Born is 8% 
in error. Discs of the method and comparison of phase 


He, Ne, and 








shifts f \ will be given. The potentials used 
ire analytical fits to Hartree curves; the voltage range dis- 
cussed is 50 to 700 v. Comparisons are made with the work of 
McDougall! and Westin.” 
1. Mel ga Proc. Roy. Sex London) A136, 549 (1932 
7S. We Kgl. Noreke Videnskab. Selekab. F handl. N 2 (1946 


44. Electron Capture Cross Section for Protons. P. M 
Stier ano C. F. Barnett, Oak Ridge National Laboratory 
Measurements of the electron « apture cross sections have been 


extended to the energy range 3 to 30 kev The proton beam 
was deflected within the differentially pumped gas cell by a 
radial electrostatic feld. Neutral atoms formed by electron 
capture collisions were undeflected and did not enter the 





The cross section for electron capture was calculated 
Results will be 
helium, 


Good agreement was ob- 


detector 


from the attenuation as a function of pressure 


preset ted for the capture cross section in hydrogen 


itroge oxygen, neon, and argon 


tained with the values calculated from the previously meas 
ured' loss cross sections and the ratio of loss to capture cross 


sections. The results to be presented agree well with those of 
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Whittier* for hydrogen as the target gas and with those of 
Hasted and Stedeford* for helium. The cross section is large 
for the more easily ionized gases (e.g. 1410~'* at 4 kev in 
argon), but is small and approaches zero at low energies in 
gases of high ionization potential (e.g. helium). 


F. Barnett and P. M. Stier, Phys Rev 96, 1537(A) (1955). 
2 A Charies Whittier, Can. J. Phys. 32, 275-290 (1954 
* Hasted and Stedeford, Proc. Phys. Soc.  Cendon A67, 1075 (1954). 


45. On Crystalline Electric Field Splitting Effects in Anti- 
ferromagnetic Transitions. L. D. Roperts anp R. B. Mur- 
RAY,* Oak Ridge National Laboratory.—The Van Vleck molecu- 
lar field theory for antiferromagnetism has been extended to 
include crystalline electric field splitting effects of a type which 
S-state ions such as Mn**. In particular, we 


may occur in 
assume an effective spin Hamiltonian of the form H 
= —2KZS,S,+DS; where the first term is the usual molecular 


field term and the second term is that due to the electric field 
effects. Here K is the exchange integral, Z is the number of 
nearest neighbors, D is the electric field splitting coefficient, 
and S, is the z-component of the electron spin angular mo- 
mentum operator. Employing standard magnetic theory, we 
then calculate the magnetization of each of the sublattices, 
proportional to S,. The predictions of this model for all tem- 
peratures from absolute zero through the magnetic transition 
temperature and above will be discussed. In particular, we 
note that the value of the transition temperature is very 
sensitive to the D term in H, and further that at the absolute 
zero the model suggests a sensitive dependence of the satu- 
ration magnetization on this term. These calculations may 
apply to salts such as MnCl, or MnSiF «-6H,O 


Fellow of the Oak Ridge Institute of Nuclear Studies from 


sity of Tennessee 


* Graduate 


the Unive 


46. Extension of Molecular Field Theory to a Hexagonal 
Lattice. R. B. Murray* anp L. D. Roperts, Oak Ridge 
National Laboratory.—In the course of an investigation of the 
cryomagnetic properties of MnCl,,' it became of interest to 
extend the molecular field theory to the MnCl, lattice, a 
hexagonal layer structure. We assume a division of the 
magnetic lattice into six sublattices such that the first nearest 
neighbors of a given ion are disposed in a hexagonal arrange- 
ment in the same plane, while the second nearest neighbors 
are located in adjacent planes. All four combinations of ferro- 
antiferromagnetic first and second nearest 
considered. This model predicts 
one ferromagnetic state and 


magnetic and 
neighbor interactions are 
three order, 
two possible antiferromagnetic states. The two types of pre- 
dicted antiferromagnetic order are: (a) ferromagnetically 
ordered layers with adjacent layers oppositely oriented, and 
(b) an arrangement in which the vector sum of the moments 
of any three neighboring atoms in a layer is zero. This latter 
condition may be fulfilled by a triangular net arrangement of 
The dependence of the Weiss con- 
interaction pa- 


ypes of magneti 


the spins within a layer 
stants and transition temperatures on the 
rameters will be presented for each of the above states. 

* Graduate Fellow of the Oak Ridge Institute of Nuclear Studies from 


the University of Tennessee 

R. B. Murray and L. D. Roberts, Phys. Rev. 98, 1180(A) (1955) 

47. The Effect of Elastic Strain upon Electrical Resistance 
pes Lattice Imperfections Are Present. E. W. KAMMER, 

Naval Research Laboratory.—It is of interest to observe that the 
influence imperfections, created by plastic deformation, have 
on the change in resistance a wire conductor exhibits when 
small elastic strains are applied. This change in resistance as a 
function of small elastic first, for the 
annealed metal, and then at several stages of progressively 
greater permanent plastic elongation. The metals for which 


data are presented in this report include copper, silver, nickel, 


strains was measured, 





























and constantan, the last being studied because of its extensive 
use in bonded wire strain gauges. If the contributions to the 
total resistivity from imperfections is assumed to be simply 
additive (Matthiessen’s Rule), an expression can be derived 
for the ratio of the resistance change to the elastic strain which 
takes into account the presence of imperfections. Thus 

AR /AL 


P; 
aoe = (14+2+)+g.+2—-«8 


L Pe 

in which the term (1+2v) containing Puisson's ratio » allows 
for the change in form of the wire specimen, while g, is the 
change in resistivity produced by the elastic strain in the 
initially annealed lattice. Each term in the summation assigns 
a strain sensitivity g; to the ith type imperfection structure 
(vacancies, dislocations, etc.) which are generated by the cold 
working. The contributions of these imperfection structures 
to the composite strain sensitivity G are respectively modified 
by the ratio P;/P, where P; is the increase in resistivity due 
to the presence of the ith type imperfection in the metal having 
resistivity P, in the annealed state. Applications of this 
equation are made to the presently available data. 


48. A Preliminary Investigation of the Crystal Structure 
Changes of Sulfur.* J. E. Mitter, N. S. Kenprick, JR., 
AND G. W. Crawrorp, Clemson College—An attempt to 
obtain the x-ray diffraction of monoclinic sulphur was reported 
by S. R. Das of India in 1938. His negative results have been 
explained by the authors. A constant temperature oven was 
designed and adapted to a Norelco Geiger counter x-ray 
goniometer for the investigation of the crystal structure of 
sulphur at elevated temperatures. A diffraction pattern of 
monoclinic sulphur was obtained. The d spacings and prin- 
cipal grating spacings have been computed. The rate of change 
of Sg to Sg and of S, to Sg was also investigated and has been 
computed as a function of the original temperature. A com- 
parison of several sets of lines was employed. The thermal 
coefficient of expansion of S, was also measured. The accuracy 
of this determination, however was considerably limited by 
the method used 


* Supported by the National Science Foundation and the Kress Foun 
dation of Clemson College 


49. Radial Vibrations in Short Hollow Cylinders of Barium 
Titanate. C. V. StepHenson, Sandia Corporation.—The 
mathematics has been developed which allows the calculations 
of the radial coupling coefficient in hollow cylinders of barium 
titanate whose length is small compared to its outside di- 
ameter. This can be expressed by the equation (k*/1—&*) 
= C(Af/f,) where k is the coupling coefficient, Af is the differ- 
ence in frequency between the resonant and antiresonant 
frequency, f, is the resonant frequency, and C is a constant 
which depends on the ratio of outside to inside diameters. 


50. Comparison of the Ultrasonic Velocities in a Series of 
Carbonates and Acetates. D. R. McMILLAN AND ANDREW 
Roseson, Emory Uniwwersity.—The ultrasonic velocities in two 
series of compounds consisting of seven normal acetates and 
five normal carbonates have been measured at 500 Ke/sec 
with a modified form of the ultrasonic interferometer reported 
previously.’ Each compound was purified by distillation and 
measurements made at five temperatures ranging from 10°C 
to 50°C. Additional data were secured to permit calculation 
of temperature coefficient of velocity, adiabatic compres- 
sibility, and Rao’s constant for each member of the series, and 
a comparison of these properties leads to some interesting 
similarities in the behavior of corresponding members of the 
two series of compounds. 


'D. R. McMillan and R. T. Lagemann, J. Acoust. Soc. Am. 19, 956 
1947) 
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51. The Design of an Oven for Obtaining the X-Ray Dif- 
fraction Patterns of Materials with a Low-Thermal Con- 
ductivity. N. S. Kenprick, Jr., J. E. Micver, anp G. W. 
Crawrorp, Clemson College.—Preliminary investigation into 
the crystal structure changes in solid sulfur by x-ray analysis 
revealed the inadequacies of the methods previously used. An 
oven was designed which was adapted to both a Debye- 
Sherrer camera used with a G.E. XRD1 and to a Norelco 
Gieger counter x-ray goniometer. The oven design incor- 
porates two highly desirable features: (1) Both the sample 
holder and the ambient air are heated and controlled inde- 
pendently, thus assuring the absence of a temperature gradient 
in the sample. (2) The temperature is controlled to within 
+0.1°C. The first feature is important in obtaining the x-ray 
diffraction patterns of substances with low-thermal con- 
ductivities. The latter feature is especially desirable in locating 
transition temperatures. The temperature may be stabilized 
at any arbitrary value for extended periods of time. The oven 
was used with a Debye-Sherrer camera to obtain the x-ray 
diffraction pattern of monoclinic sulfur. The intensities of 
the diffraction lines were obtained by adapting the oven to a 
Norelco Geiger counter x-ray goniometer. 


52. Secondary Emissions from Negative-lon Bombardment 
of Metal Surfaces. Howarp SKELTON BARRINGER AND WIL- 
L1AM Henry Bancrort, JR., Alabama Polytechnic Institute. — 
A Nier type 60-degree sector spectrometer with a Winn-Nier 
ion source and a newly designed ion collector is being used to 
study the secondary emission from certain metal targets under 
negative-ion bombardment. Preliminary results obtained when 
singly charged Cl~ and Br~ ions impinge on a Ni surface will 
be given. lons having energies from 300 to 2000 ev were em- 
ployed in the study. A comparison of the secondary emission 
coefficients for Br* and Br~ ions will also be shown. 


53. The Calculation of Diffusion Coefficients for Poly- 
styrenes from Measured Values of Osmotic Pressure. T. A. 
BarR AND H. B. Jenkins, University of Georgia.—The calcu- 
lations of diffusion coefficients for polyethylene glycols have 
been reported previously.' These calculations were made from 
measured values of osmotic pressures in a metal membrane 
osmometer. The polyethylene glycols ranged in molecular 
weight from 285 to 6600 M.W. units. Similar measurements 
have now been made of the osmotic pressures of several 
polystyrene molecules ranging in molecular weights from 
100 000 to over 500 000 M.W. units. Calculations show that 
the observed osmotic pressures are almost equal to the 
theoretical values for the heavier polymers, and that the 
calculated diffusion coefficients are markedly lower than the 
free diffusion coefficients for these polymers. A brief outline 
of the measurement and calculation techniques used will be 
given. 

'T. A. Barr, Southeastern Section, American Physical Society, April, 
1953, Durham, North Carolina, 


54. Diffusion of Uranyl Nitrate Activity through Porous 
Media. F. L. Lancrorn, R. A. Were, ann F. T. Rocers, Jr, 
University of South Carolina (to be read by title).-We have 
repeated the experiment’ of A. Gemant with slight modifi- 
cations and extensions. Experiments were made with Fiberglas 
(97% porosity) as solvent holder, and with glass beads of 
0.0526 cm diameter (36.4% porosity). These latter were cor- 
rected for a small net migration of activity observed with 
contaminated beads when O0<x>/ was filled with pure 
solvent and x >/ was void of all fluid. The rate of increase of 
counting rate was much greater for diffusion through Fiber- 
glas than through glass beads: Re/R»=4.1+1. Expected 
rates of increase were calculated in the usual way,’ with allow- 
ance for differing absorptions of Fiberglas and beads for beta 
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radiation. When plotted against kt for /=0.215 
lated curves had initial slopes in the ratio of r/ s= 
For our experiments (lp =lg=0.215) this suggests that the 
through the 
1.52 =2.7+0.7. Since the 


coefiicients of diffusion two 
holders was kp/kg= (4.1) 
7 


U 


i f pnaret 

rath ol apparent 
' 

soivent 


ratio of porosities was also , this technique for apparent 


coefficients of diffusion may turn out to be of value in certain 


measurements Of porosities 


4A. Gemant, J. Appl. P 19, 1160 (1948 


55. On Some Special Stopping-Power Laws. MArGueRiTt 


M. Rocers,* Columbia College, ann F. T. RoGers, Jr.,*f 
University of South Carolina (to be read by title).—Several 
readil tegrable special cases of the expression 

dT /ds =ky+k_,/T +h, T+khy (1) 
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have been investigated. For (ks, k_:, k:, &2) = (constant, 0, 
constant, 0), Eq. (1) yields Poncelet's' well-known formula 
for range in terms of kinetic energy; for ko =ko(o), ki =k, (ce), 
and da/ds simply related to d7/ds, generalizations of Ponce- 
let's formula are obtained depending upon the functional 
dependencies in ko, ki. The cases (constant, constant, 0, 0) 
and (constant, 0, 0, constant) yield monotonic range-energy 
relations as do the two preceding ones; in the latter instance, 
however, range is severly limited by the values of ko, ke. These 
several special cases have been encountered in attempts to 
provide phenomenological explanations for selected data in 
terminal ballistics; in many instances the data are found not 
to be of meaningful precision or completeness 

* Assisted by the Quartermaster Research and Development Labora. 
tories S. Army 


+ Assisted by the Office of Ordnance Research, U. S 


i, Army 
1 Poncelet, Mem. Acad. d'Sciences, 15, 55 (1829 
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é l ‘HE summer of 1955 will be remembered in the 
American Physical Societ' 


twice crossed the frontier. On the first of 


as the summer 11 


which we 


these two occasions we traversed the northern 
border, and assembled in Toronto on Wednesday, 
Thursday, and Friday, June 21-23. Some of us of 


course did not cross the frontier, for our Canadian 
he invitation 
Toronto 


members were on that side already. 
to meet in the halls of the University of 
had been extended to us by President Sidney Smith 


and by Professor W. H. Watson. The general 
manager of the meeting was Professor H. J. C 
lreton He was aided by a great number ot people 


it the registration desk, at the lanterns, and else- 


and we 


where must not forget the ladies of the 
Department of Physics who took the visiting ladies 
on excursions. Their names have not been listed, 
but we are grateful to all. We met in three buildings 
of the University: the McLennan Laboratory, the 
Mechanical Building, and the Wallberg Building. 
Nowhere halls the 


meeting was not inconsiderable in size 


were the too small, and vet 


Chis was a joint meeting (and our first) with the 


Canadian Association of Physicists, celebrating 


this year its ninth anniversay and tenth annual 


meeting. Their ten-minute papers were distributed 
through our programme. Their invited papers had 
been given on the two previous days; our members 
were cordially invited, but regrettably few seemed 


ible to come. The registration for the five davs of 





the entire double meeting amounted to about four 
hundred. With especial pleasure we noted that 
many physicists from as far away as Saskatoon and 
Vancouver, and some from Nova Scotia, had made 
the formidable journey. 

Our Division of Electron Physics (R. L. Sproull, 
Chairman; H. D. Hagstrum, Secretary) made a 
notable contribution to the meeting, both by in- 
viting speakers and by stimulating its members to 
provide ten-minute papers. On the general pro- 
gramme, most of the invitations were issued to 
Canadian physicists and to physicists of univer- 
sities in the United States near to the border. 

The banquet was held Thursday evening in the 
Sheraton Room of the King Edward Hotel, R. T. 
Birge presiding and having beside him the President 
of the Canadian Association, Larkin Kerwin, who 
greeted our members in the name of the Associ- 
ation. D. A. 
development of physics in Canada which had no 
fault than that of brief. The 
attendance at the dinner was 147. This was not 
the only festive occasion on the programme. The 


Keys gave an account of the recent 


other being too 


University of Toronto gave us an unprecedented 
reception Wednesday afternoon in the hall of a 
large gymnasium. The President and the Chancellor 
of the University and their wives received us, and 
liquid and solid refreshments were served. A crowd 
hundred this 
amiable invitation. 


of several responded warmly to 
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The Council met Friday morning. It elected to 
Membership one hundred twenty-six candidates 
and to Fellowship three: the names follow. 


Elected to Fellowship: A. N. Guthrie, F. de Hoffman, and 
W. W. Van Roosbroeck. 

Elected to Membership: “Stuart L. Adelman, *Raymond 
George Ammar, “Gerald Stanley Anderson, *Sigurds Arajs, 
William Bryant Ard, Jr., "Peter Avakian, Emil Mike Banas, 
*James Allen Barnes, ‘Donald Ray Behrendt, *Werner John 
Beyen, Devidas Raghunath Bhawalkar, *Joe Carroll Bradley, 
Robert Howell Bryan, *Arthur Jerry Buslik, *Neal Payton 
Campbell, Tsu-shen Chang, Alan Gerald Chynoweth, *William 
Max Cloud, William A. Conrad, Richard Bertram Curtis, 
*Lawrence Fred Daum, *Howard Wesley Davis, Paul P. Day, 
*Bernhard Irwin Deutch, Jacob Frederick Dewald, *Norman 
Emanuel Diana, *John Jacob Domingo, Donald D. Doughty, 
Bertram Wilson Downs, Jr., *Ali Mohamed El-Atrash, *Eugene 
Engels, Luis F. Garcia, ‘Abraham Goldberg, *Ishwar Chand 
Gupta, *William R. Hagemeier, *Joseph David Harris, *Hugh 
Brasher Haskell, *John Hayes, Nick Holonyak, Jr., *John 
Leonard Honsaker, Kenneth Ray Hovatter, William Butts 
Ittner, II], Harwick Johnson, *Leo Francis Johnson, *Robert 
Reed Johnston, *Emil Kazes, Jean Kern, *Ahmad Ali 
Kheiralla, Robert Marion Kinkaid, Paul Bertram Kissinger, 
*Daniel J. Kleitman, Lawrence Fredric Krenzien, Herbert 
Kroemer, *Luichie Gioietta Kuo, *Richard Leon Lander, 
Simon Larach, Paul Christian Lauterbur, Jacob Jan Leen- 
dertse, *Harlan Wayne Lefevre, Don Bernett Lichtenberg, 
*Albert John Lieber, *Michael David Lubin, Bruno Meinrad 
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Lithi, "David Dexter Lynch, *Robert J. Malhiot, *Roger 
Manasse, Samuel S. Markowitz, *Alfred Smith Marotta, 
Joseph Maserjian, *Charles Witt Maynard, Robert Lawrence 
McCollor, *Billy Murray McCormac, Thomas Orestes Meeks, 
Jr., Franklin Meyer, *David Shuichi Moroi, Yoshinari 
Nakagawa, Clifford Vincent Nelson, *Donald Frederick 
Nelson, George Robert Newton, Robert George Nobles, 
Matthew Nowak, *William David Ohlsen, *Sherwood Ira 
Parker, *Roger Bruce Perkins, Karl-Birger Persson, Rolf W. 
Peter, *Norbert Thomas Porile, *John Stephen Posivak, 
*Sinai Rand, Joseph Dewey Robinson, "Richard Wilson Roddy, 
Jr., James Kostes Roros, *Lawrence Rosenson, *Amrit Sagar, 
Wayne W. Scanlon, Carl B. Schoch, *Clifford Rodney Schu- 
macher, *Roger Walz Shaw, Shay J. Sheheen, *Joseph J. 
Sheppard, Jr., ‘Anton Arthur Sinisgalli, *Robert Folinsbee 
Snider, *Peter Pitirimovich Sorokin, *Peter Cedric Stein, 
"Floyd Wayne Stoller, Alexander Stolovy, *Robley Vane 
Stuart, Alex Ogden Taylor, Jr., Itsuro Teshima, Ernst Adolf 
Trendelenburg, William Joseph Turner, Guy Rene Vander- 
haeghe, *William Anton Wallenmeyer, Alastair Ward, Roy 
Clemson Ward, Laurance Bliss Warner, Theodore S. Webb, 
Jr., James Paul Wesley, William Blaine White, Romayne 
Flemming Whitmer, "Ronald Allen Workman, *Malcolm Cecil 
Younger, "Harold Saul Zapolsky, *Michael Raymond Zatzick, 
*John Richard Zener, and George John Zissis. 
*—Student. 

KarL K. Darrow, Secretary 

American Physical Society 

Columbia University 


New York 27, New York 


Errata Pertaining to Abstracts A4, D3, F12, G3, L6, U3, V8, W5, and Z10 


A4, by J. G. Carver and T. F. Godlove. In the title, instead 
of Slow-Neutron Capture Resonances in Ta, W, and In, read 
Slow-Neutron Capture Resonances in Te, W, and In. 

D3, by J. H. Meek. The author's name should read J. H 
Meek instead of J. H. Meck. 

F12, by Herbert Jehle, J. M. Yos, and W. L. Bade. A foot- 
note should be added to the title reading: Work supported by 
the Research Corporation and by the National Science 
Foundation. 

G3, by Emerson William Pugh and J. E. Goldman. In line 
17, instead of 2.04+0.07 K 10~*, read 1.89+0.05 x 10~*. In line 
18, instead of 1.99+0.07K10~-*, read 1.8140.0510~*. 

L6, by M. T. Thieme and E. Bleuler. In line 12, instead of 
= levels at 2.15, 2.24, and 2.3 Mev were found. They are 
reached by allowed electron capture from Au'™ whereas the 
decay to " read “levels at 2.15, 2.22, and 2.3 Mev were 


found. They are reached by first forbidden electron capture 
from Au™. The decay to ~y 

U3, by Robert W. Keyes. In line 7, instead of four, read 
three. 

V8, by R. L. Fey and W. J. Graham. In line 8, instead of 
D,P =24.8, read D,P =22.7. In line 12, instead of 0.59 read 
0.53 (mobility of Xe*). 

WS, by L. Levitt and G. E. Tauber. In line 9, instead of 
“The energy was found to be of the order of —0.539 atomic 
—0.529 atomic units’’ read “The 
energy was found to be of the same order as that . 

Z10, by L. J. Varnerin, Jr., and J. H. Carmichael. A footnote 
should be added to the title reading: This research was sup- 
ported by the U. S. Air Force through the Office of Scientific 
Research, Air Research and Development Command. 


units as compared with 
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Apparatus of Nuclear Physics 


Al Revised Yale Linear Electron Accelerator and Facili- 
ties. W. G. Wapey anv H. L. Scnuttz, Yale Lniwersity 
The present linear electron accelerator at Yale as redesigned 
and rebuilt will be described together with the 
facilities developed for use with it. The alignment procedures 
used and the operating characteristics in the most recent 
preliminary runs will be given. 


research 


* Supported by the U 


f S. Atomic Energy Commission 

A2. Electronic Instrumentation for the Yale Slow-Neutron 
Velocity Selector.” H. L. Scuuttz anp W. G. Waney, Yale 
University.—Electronic Instrumentation for the recording of 
neutron counts in the Yale slow-neutron velocity selector 
Digital computing techniques are 
Serial 
adder and storage operations are possible due to the limited 
rate of data accumulation when the equipment is used under 


system will be discussed 
employed for time sorting and information storage 


good-resolution conditions. One of the recording systems in use 
provides approximately five hundred, 2-wsec channels, each 
capable of storing over 1000 counts. The 
is limited essentially by the electrical length of the ultrasonic 
The use of additional 


number of channels 


delay line used as the storage medium 
fast intermediate storage systems allows time expansion of any 
channel or group of channels for high-resolution work 


* Supported by the U. S. Atomic Energy Commission 


A3. Neutron Time-of-Flight Spectroscopy with a Linear 
Electron Accelerator.* 1. F. GopLove anp J. G: Carver, Yale 
University.—Using the Yale linear electron accelerator! beam 
with a gold x-ray producing target followed by a beryllium 
neutron producing target, preliminary runs have been made 
The experimental 
arrangement will be described and measurements of the neu- 
tron capture spectrum of Tantalum reported. A value of 20.5 
+0.4 wsec for the half-life of the isomeric state? in Ta™ has 
been obtained from y rays following the x-ray flash from the 
accelerator. For the 4.30-ev resonance in Ta: 49+7 barn 
ev)? from area analysis, Doppler corrected 


with a neutron time-of-flight spectrometer 


* Supported by the U. S. Atomic Energy Commission 
'H. L. Schultz and W. G. Wadey, Rev. Sci. Instr. 22, 383 (1951 
*M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 224 (1952 


A4. Slow-Neutron Capture Resonances in Ta, W, and In.* 
J. G. Carver anp T. F. Goptove, Yale University.—With the 
slow-neutron velocity selector described in the foregoing 
abstracts, neutron capture measurements have been made on 


Te, W, and In, using a modification of the method described by 
Meservey.' Capture studies were made on two different sample 
thicknesses for each element, and area analyses** were per- 
formed to obtain values of the level parameters for the reso- 
nances in Te and W between 0.6 and 20 ev, and for those in 
In between 0.6 and 10 ev. Results of these analyses will be 
presented showing that, while capture-y-ray multiplicity and 
absolute detector efficiency need not be known, corrections 
for potential scattering are generally necessary. 

* Supported by the U.S. Atomic Energy Commission. 

©. Meservey, Phys. Rev. 96, 1006 (1954 


? Melkonian, Havens, and Rainwater, Phys. Rev 
*D. J. Hughes (private communications). 


92, 702 (1953). 


AS. Ring-Focus Collection in Thin-Lens Nuclear Spectrom- 
eters. K. C. Mann, D.C. MILvey, ann J. A. L. Toompson.— 
Some calculations have been made of electron trajectories in a 
conventional thin-lens, nuclear spectrometer for those cases 
where the radioactive source and the detector are not sym- 
metrical about the thin-lens position. In this case, the per- 
formance characteristics of the spectrometer are greatly im- 
proved, provided the electrons are collected at the ring focus. 
One thin-lens instrument has been modified in this way, elec- 
tron collection being effected by the use of thin flakes of 
anthracene mounted on a truncated cone of clear plastic, the 
crystals being placed in a ring at the focal position. The 
plastic cone acts as a light pipe to a photomultiplier mounted 
on the spectrometer axis. The method has proved to be very 
flexible, and offers a simple, inexpensive method of improve- 
ment of thin-lens spectrometer characteristics. 


A6. Betatron Energy Control.* E. C. B. Peperson anv L. 
Katz, University of Saskatchewan.—The detection of weak 
photonuclear levels using the betatron requires precise control 
of the peak Bremsstrahlung energy. A pickup coil in the elec- 
tron orbit plane provides a voltage V=k,d¢/dt=kdE/dt, 
where ¢ is the total flux linking the orbit and E is the electron 
energy. An LRC integrator was built which is insensitive to 
changes in magnet excitation and line frequency. Integration 
of V using the LRC integrator gives a voltage ¢ = k3E which is 
compared with an adjustible preset voltage ¢;=k,E, in a 
cathode-compensated feedback-diode circuit. When e=¢;, 
the electron orbit is caused to expand and strike a thin, heavy- 
element target, producing Bremsstrahlung with peak energy 
E,. When E, =24 Mev, a stability of +3 kev over a few hours 
and +20 kev over a few days is obtained 


* Supported by the National Research Council of Canada. 


Invited Papers 


A7. A Pressurized High-Frequency Cockcroft-Walton Accelerator. Paut Lorrain, Université de 


Montréai. (30 min.) 


AS. The Variable-Energy Cyclotron at the University of Rochester. H. W. Futsricut, Uni- 


versity of Rochester. (30 min) 
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Various Topics in Solid-State Physics 


B1. The Haeffner Effect in Mercury. G. G. E1cHHoLz, Mines 
Branch, Department of Mines and Technical Surveys, Ottawa, 
Ontario.—An effect resulting in isotopic concentration in pure 
liquid metals has been observed in mercury by Haeffner,' and 
in gallium by Nief and Roth.? The effect has been studied with 
tracer instead of mass spectroscopic techniques. Measurements 
have been carried out on mercury using mercury-203 as an 
indicator. Results will be presented for measurements at 
different temperatures, current densities, and tube dimensions. 


. Haeffner, Nature 172, 775 (1953). 
'G. Nief and E. Roth, Compt. rend 239, 162 ( 


1954). 

B2. Some Crystal Growth Phenomena in High-Purity Lead. 
A. ROSENBERG AND W. C. WINEGARD.—In order to determine 
the mechanism of growth from the melt in metals, observa- 
tions have been made on high-purity lead single crystals, 
solidified by the Chalmers’ technique. An attempt has been 
made to relate the observed growth phenomena to the crystal 
orientation. The high-purity lead is obtained by zone refining, 
the effect of which is to remove impurities which can interfere 
with “normal” solidification through the creation of growth 
faults, such as corrugations and striations. Observations of 
growth are made on the upper free surface and on the solid- 
liquid interface which is revealed by accelerated decanting. To 
facilitate the observations on the upper surface, a simplified 
hot-stage microscope is employed which can follow the move- 
ment of the interface. The apparatus has been adapted to 
permit the simultaneous recording of the growth phenomena 
on motion picture film. Rapid grain boundary movement and 
associated transformations have been observed. 


B3. Structure of Thin Evaporated Copper Films by Total 
Reflection of X-Rays.* L. G. Parrart, Cornell University.— 
The x-ray total reflection method of studying certain structural 
properties of the surfaces of solids has been applied to thin 
evaporated copper films deposited on a glass substrate at room 
temperature. Films of average thickness about 25 to 1000 A 
have been studied with the x-ray wavelength 1.392 A. The 
reflection curves disagree significantly in several respects with 
the theoretical curves based on a film model of homogeneous 
lamina. A better model may be one in which the copper (with 
some oxide) is present in aggregates of such shape that a very 
low average dispersion density exists close to the glass sub- 
strate. As the thickness of the film increases, the copper 
aggregates may “bridge over” at some 40 A or so above the 
substrate to form a more or less continuous but porous film. 
Such a model features a “reflection trap.’ This work is ex- 
ploratory in the sense that no satisfactory attempt was made 
to control the physical and chemical variables involved in the 
preparation and treatment of the surfaces. But, under con- 
trolled conditions, the method promises interesting information 
about surface structure. 


* Supported in part by the U. S. Air Force through the Office of Scientific 
Research and Development Command. 


B4. Effect of a Centrifugal Field on the Rate of Diffusion in 
Metals.* J. J. Conne ry, Jr.,tO. R. Harris, AnD J. W. Beams, 
University of Virginia.—Three successive layers of silver were 
electrodeposited upon the cylindrical surface of a 0.55-cm 
diameter steel rotor. The inner layer (7 X10~-* cm thick) and 
the outer layer (14X10~* cm thick) consisted of ordinary 
silver, while the middle layer contained silver enriched with 


the radioactive isotope Ag. The rotor was magnetically 
suspended and spun for long periods of time in an evacuated 
chamber, the temperature of which could be held constant. 
The radial movement of the Ag'” was determined by counting 
the beta particles emerging through the periphery of the rotor 
by a scintillation crystal, photomultiplier, and pulse-height 
analyzer circuit as a function of time. The results show that 
the Ag'” migrated toward the periphery faster with the rotor 
spinning (4000 to 10 000 rps) than when it was not spinning. 
The temperature was 300°. 


the Office of Ordnance Research. 


*Su aperses by 
TU. Postgraduate student. 


S. Navy 


BS. Theory of Slip-Band Formation. R. B. Green, Baker 
& Company Research Laboratory.—In letters submitted to 
The Physical Review the writer introduced a new defect, the 
screwedge dislocation, and showed that slip which cuts screw- 
edges in face centered cubic metals must produce c.p.h. type 
stacking faults, and when it proceeds more than the distance 
between screwedges must produce Frank-Read sources, 
“head-on” stacking faults of high energy (cracks), or other 
c.p.h. stacking faults, depending on the geometry of the 
particular interacting screwedges. The approximate distance 
between screwedges, and so amount of slip required to produce 
cracks or Frank-Read sources, is also the length of Frank-Read 
sources similarly produced earlier. Using r*=Gb/L and 
G/r* of 1000 for worked metal, a length of 600 lattice units is 
found. Such slip will proceed until it produces a “head-on”’ 
fault (crack), being halted when kinetic energy of slip goes to 
form the “head-on” fault. The “head-on” fault length might 
reasonably be one tenth the slip length. If the lattice strain 
about a “head-on'’ fault were effective within one fault di- 
mension in reducing the probability of slip on parallel planes, 
a slip-band structure would be produced as observed, slips 
about 600 lattice units long spaced 60 units apart. 


B6. Initial Stages of Oxidation of Nickel. Ursuta M. 
Martius, Ontario Research Foundation.—Under certain ex- 
perimental conditions it is possible to observe the very begin- 
ning of oxidation of a metal surface.'~* Prior to the formation 
of a continuous oxide layer, small oxide crystals nucleate on 
the metal surface. Their shape, size, and number- per unit 
area was found to depend strongly on the crystaliographic 
orientation of the underlying metal. Microscopic observations 
of the initial oxidation of high-purity nickel are presented. 
The oxidation at grain boundaries is discussed in detail and 
the tentative theoretical explanation of the observed phe- 
nomenon is given. 

id Bardolle and J. Benard, Rev. de cor 49, 613-22 (1952). 


We dolle, Rev. de Pa 51, B35 (19 
saa . Guibransen and W, R. McMillan, J. Appl. Phys. 24, 1416 (A) 
fo 


. W. Harris and F. L. Ball, J. A Phys. 24, 1416 (A) (1953). 
*U. M. Martius, Can. J. Phys. (to published). 


B7. Location of the Hydrogen Atoms in the Unit Cell of 
Portiandite [Ca(OH),}.° H. E. Percn, Crystallographic 
Laboratory, Cavendish Laboratory, and McMaster University.— 
On the basis of the complex infrared spectrum obtained with 
brucite [Mg(OH),], Mara and Sutherland’ have suggested 
that the unit cell must be much larger than that deduced from 
x-ray data* and that the positions of the hydrogen atoms 
predicted by Bernal and Megaw’ are incorrect. The isomor- 
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phous potriandite [Ca(OH).] also has a complex infrared 
absorption spectrum‘ closely analogous to that obtained for 
brucite, leading one to expect similar effects in the two struc- 
tures. A re-examination of the crystal structure of brucite and 
portilandite by means of x-rays has been undertaken. No 
evidence has been found for a larger unit cell in either brucite 
or portlandite.* More recent work on the portlandite in which 
a Geiger-counter x-ray diffractometer and the technique of the 
(F, — F.) synthesis have been used, has resulted in more ac- 
curate atomic parameters for the oxygen atoms and strong 
evidence supporting the hydrogen positions predicted by 
Bernal and Megaw, in contradiction to the suggestion made 
by Mara and Sutherland. 


* Supported by the National Research Council of Canada and the Royal 
Society of Canada. 

' T. Mara and G. B. B. M. Sutherland, J. Opt. Soc. Am. 43, 1100 
(1953) 

*G. Aminoff, Geol. Foren. i Stockholm Férh. 41, 407 

*j. D. Bernal and H. D. Megaw, Proc. Roy. Sa 
(1935 

‘HL. E 


1919 
London) A151, 384 


Petch and H. D. Megaw, J. Opt. Soc. Am. 44, 744 (1954 

B8. Color Centers in KI at Liquid Helium Temperatures. 
Herpert N. Hersu, Zenith Radio Corporation.—Absorption 
spectra of colored and x-rayed KI have been obtained from 
liquid-helium temperatures to room temperature. The follow- 
ing observations have been made: (1) Crystals x-rayed at 
LHT contain a very much smaller number of F-centers than 
ones similarly irradiated at room temperature ; this behavior of 
KI is in contradistinction to the relatively small temperature 
effects reported for NaCl, KCI, KBr. (2) Absorption bancs are 
concomitantly produced at 800, 404, and 335 my. (3) The 
shifting towards the uv of the tail of the first-fundamental 
absorption band at low temperatures has allowed observation 
to be made of 2 bands on the low-energy tail of the funda- 
mental band in the uncolored crystal. (4) A narrow, pro- 
nounced band at 281 my in the uncolored crystals appears to be 
identical with a band at 287 my found by Uchida and Nakai in 
some of their crystals 


B9. Experimentally Determined Configuration Coordinate 
Curves for F-Centers in Alkali-Halide Crystals. G. A. RusseLi 


ano C. C. Kuicx, U. S. Naval Research Laboratory.—Con- 
figuration coordinate curves for F-centers in KCL, KBr, KI, 
and NaCl have been established from experimental observa- 
tions. Use has been made of the change in absorption band 
width of the F-band with temperature, the position of the 
absorption maximum at low temperature and the peak of the 
emission band of the F-center luminescence.’ The widths of 
the emission bands at half-maximum predicted by the con- 
figuration coordinate curves are in good agreement with the 
results reported by Botden, van Doorn, and Haven.' The low 
efficiency. of F-center luminescence’? can be explained in 
terms of these curves using the criterion for luminescence in 
simple centers which has been proposed by Dexter, Klick, and 
Russell.* 
' Botden, van Doorn, and Haven, Philips Research Rept. 9, 469 [1954 


*C. C. Klick, Phys. Rev. 94, 1541 (1954 
* Dexter, Klick, and Russell (to be published 


B10. Some Optical Measurements on Additively Colored 
MgO Single Crystals.* Bernarp V. Haxpy, University of 


SESSION B 


Minnesota.—The build-up of the optical absorption bands 
characteristic of excess oxygen in MgO single crystals has been 
measured as a function of temperature with constant oxygen 
concentration over the crystals during heat treatment. The 
growth of the band maxima has been found to satisfy a diffu- 
sion mechanism, and the temperature dependence of the diffu- 
sion coefficient is described by an activation energy of 3.4 
electronvolts. The temperature dependence of the heights of 
the band maxima at saturation show a possible indication that 
energy is gained in the formation of the centers responsible for 
the optical absorption. Some results in the additive coloration 
with magnesium and of an experimental determination of the 
absolute concentration of excess magnesium in MgO crystals 
will also be presented. 


* Supported by The U.S. Army Signal Corps. 


Bil. Anisotropic Color Centers in @ Quartz. ALvin J. 
Couen, Mellon Institute.—New color centers are reported in 
amethyst at 225, 266, and 360 my. The 360-my center is 
anisotropic, and its overlap with the well-known 540 my color 
center may account for the anisotropy reported for the latter.’ 
The color center at 460 my in naturally colorless or bleached 
smoky quartz after x-irradiation has been shown by the author 
to be anisotropic.2 What is apparently the same center has 
been observed in Brush synthetic quartz by Arnold? and is now 
found to be anisotropic with a maximum at 460 my for the 
extraordinary ray and at 485 my for the ordinary ray. The 
optical densities of both anisotropic centers studied were 
greater for the extraordinary ray in qualitative agreement with 
earlier work* on smoky quartz. 
1S. Pancharatnam, Proc. Indian Acad. Sci. 40A, 196 (1954). 
2A. J. Cohen, J. Chem. Phys. 23, 589 (1955 
*G. W. Arnold, Jr., J. Chem. Phys. 22, 1259 (1954). 
re 


N. E. Vedeneeva and E. S. Rudnitskaya, Doklady Akad Nauk. S.S.S.R. 
87, 361 (1952); Chem. Abstracts 47, 6259 (1953). 


B12. The Electrical Resistance Properties and Structure of 
Thin Evaporated Silver Films. R. A. Aziz anp G. D. Scorrt, 
University of Toronto.—The spontaneous ageing of thin films 
of silver was studied by following electrical resistance varia- 
tions with time immediately after deposition in vacuum. In 
one series of experiments, films, all deposited in a fixed time of 
100 seconds and with initial resistances from 170 0002 to 200, 
were investigated. The resistance of some films rose rapidly 
with time, while in others, it dropped rapidly and in still 
others, the ageing was less pronounced. In a second series, 
eight films were formed, all with an equal initial resistance 
(50002) but deposited in different times. The rate of decrease 
in resistance is greater as the rate of deposition increases. The 
limiting value of resistance depends on the time of deposition. 
A possible qualitative explanation of the results on the basis of 
distortion decay and film aggregation is proposed. The struc- 
ture of thin silver films <200 a.u. is found to be influenced by 
the atomic velocity provided the rate of deposition is not high. 
Two independent experiments are described in which the 
velocity is reduced in two different ways. Electron micro- 
graphs and resistivity-thickness curves are given. The effect 
is explained on the basis that decreased atomic velocity reduces 
the energy available for migration on the surface. 





SESSIONS C AND D 


WEDNESDAY MORNING AT 10:00 
Wallberg Building 
(E. P. WIGNER presiding) 


Invited Papers 


Cl. Lamb Shifts in He+ and He. G. Herzserc, National Research Council, Canada. (30 min.) 
C2. Interpolation of Atomic Wave Functions and Fields. D. R. Hartree, Cambridge University. 


(30 min.) 


C3. Atomic Wave Functions, with Exchange, for Some Atoms of the First Long Period. D. R. 


HARTREE, Cambridge University. (15 min.) 


C4. Models of Elementary Particles. F. A. KAEMprrerR, University of British Columbia. (30 min.) 
C5. Nuclear Configurations from Isotope Shifts. M. F. Crawrorp, University of Toronto. (30 min.) 


WEDNESDAY MORNING AT 10:00 


Mechanical Building 


(Tao-Yu Wu presiding) 


Electron Physics of the Upper Atmosphere 


Invited Papers 


(D1 at the beginning, D2 after D6) 


D1. Scattering of Radio Waves from Aurora and Meteors. P. A. Forsyrn, Defence Research Tele- 


communications Establishment. (25 min.) 


D2. Excitation and Ionization Produced by Meteors. P. M. MitiMan, National Research Council 


(Canada). (25 min.) 


Contributed Papers 


D3. Motions of Auroral Light Forms. J. H. Meck, Univer- 
sity of Saskatchewan.—All-sky photographs are being made 
regularly each night at Saskatoon. These consist of successive 
two-minute exposures made with 16-mm panchromatic film 
throughout the dark hours. The photographs give a complete 
record of the brighter auroral forms and demonstrate their 
variability. A 16-mm film is presented in which the motions of 
the aurora are speeded up almost 2000 times. Several inter- 
esting nights during the past year are shown. The movement 
of the aurora is discussed and compared with the disturbance 
vector of the earth's magnetic field. 


D4. Infrared Spectrum of the Night Sky near 10 000 A.* 
A. VALLANCE Jones, University of Saskatchewan.—The infrared 
spectrum of the night sky has been obtained using Kodak 
1Z(2) plates. Numerous lines were obtained of which all are 
identified as arising from the (5,2), (4,1), (3,0), (9,5), and 
(8,4) OH rotation-vibration bands. These results are com- 
pared with spectra obtained in the same region by other 
techniques. 


* Supported by the Geophysics Research Division of the U. S. Air Force 
Cambridge Research Center 


D5. Seasonal Intensity Variation of Twilight Sodium Emis- 
sion.* D. M. Hunten, University of Saskatchewan.—-The 
maximum intensity has been measured on about 100 occasions 
over two years with a photoelectric spectrometer. The two 
years agree very well, showing a minimum of about 6X10’ 
quanta/cm! sec sterad at the end of June and a maximum from 


January to March with intensity fluctuating between 2 and 
4X10* quanta/cm?* sec sterad. The variation of intensity is 
presumably the result of a variation in the number of free 
sodium atoms per cm? between 6 and 40 10°. No fully satis- 
factory explanation is known. Some of the possibilities will be 
discussed. 


* Supported by the Geophysics Research Division of the U. S. Air Force 
Cambridge Research Center. 


D6. Ozone Measurements over Edmonton (Lat. N. 53°34’, 
Long. W. 113°31’) 1951 to 1954. E. H. Gowan, University of 
Alberta, —There are now available atompsheric ozone measure- 
ments in Edmonton from 1951 through 1954. The ten-day 
means have been computed, and the four-year average of 
these means is compared with similar data taken in Oxford, 
England, to show effects of difference in geographic location 
at nearly the same latitude. Some of the day-to-day ozone 
results have been compared with upper air data, which is also 
available for Edmonton. The usual significant negative corre- 
lations of ozone amount with height of 100-, 200-, 300-, and 
500-millibar levels, and tropopause, is evident, with the 
strongest correlation occurring for the 300-mb level. The 
mean height and the height distribution has been measured by 
the umkehr curve method on a few days during the summer of 
1953. Night measurements near the time of full moon were 
successful from September, 1954, up to four days either side of 
full moon, with zenith angles of from 30° to 60°. It may be 
possible to observe with the moon lower in the sky, by pushing 
the voltage on the photomultiplier a bit higher. 
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D7. Diurnal Variations in the Rate of Meteor Detection by 
Forward-Scattering. C. O. Hines, P. A. Forsyru, anp E. L 
VoGan, Defence Research Board.—By combining Eshleman's 
formula for forward-scattering from meteor trails the 
theory of meteor trail formation, it is possible to determine the 


and 


relative “‘observability” of meteor trails as a function of their 
radiant positions 


This in turn provides a basis for predicting 
diurnal variations in the detection rate of meteors 


both for 
meteor showers and for the random background of sporadi 
meteors. The theoretical predictions agree fairly well with the 
observed variations in both instances. By proper application, 


the theory should prove useful in resolving minor showers 
from the random background, and in locating the correspond- 


ing radiant position 


D8. VHF and UHF Propagation in Central Canada. D. R 
Hay AnD R. C. Lanoitie, Defence Research Board.—Since 
1953, the Radio Physics Laboratory has carried out amplitude 
irements on VHF and UHI 


the troposphere to ranges up to 260 n 


meas gated thr ugh 


These measurements 
have been made over rolling terrair ng winter and summer 
height alx 
100 feet but greater than one wavel 
the obtained in this 

fading in signal amplitude 
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D9. Radio Star Scintillations and the Ionosphere. T. R. 
Hartz, Defence Research Board.—The observed intensity at 
the surface of the earth of radiation at a frequency of 50 
mc/s from a “radio star"’ has been studied. A relationship is 
shown to exist between the fluctuations, or scintillations, in 
this observed radiation intensity and the angle of its incidence 
on the 400-Km level of the earth's ionosphere. The occurrence 
of these scintillations is compared to other ionospheric phenom- 
ena as determined by vertical soundings from the earth. The 
probable cause of the fluctuations has been localized to a source 
in the high-ionospheric regions. 


D10. Pictures of Gas-Streams at Low-Gas Density Taken 
by Means of Electrons. BerTHoLp W. ScHUMACHER.* High 
Voltage Laboratory of the Max Planck Gesellschaft, Hechingen, 
Germany.—It is possible to measure the density of a gas by 
means of the attenuation of an electron beam, passing through 
Even at low-gas densities, a high-attenuation coeffi- 
be obtained by using low-energy electrons. With a 
electron energy it is possible to obtain 
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El. An Experiment on the Angular Correlation in the Beta Decay of the Neutron. J. M. Rosson, 


Chalk River. (30 min 


E2. Some Measurements of Properties of Light Nuclei, Using the Chalk River Accelerator. H. E. 


Gove, Chalk River. (30 min 


E3. Present Status of Atomic-Mass Measurements. H. I 


30 min 


E4. Abnormal Fission Yields and Nuclear Shell Structure. H. G 


30 min 


DuckworTH, McMaster University 


Tnopve, McMaster University. 
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General Physics 


Fi. An Experimental Investigation of the Diffraction of 
Electromagnetic Waves by a Dominating Ridge. |. H. Crys- 
DALE, J. W. B. Day, anp W. S. Cook, Radio Physics Labora- 
tory.—The diffraction fields produced at 173493 and 1785 
Mc/s behind a dominating ridge north of Ottawa have been 
investigated experimentally with horizontally and vertically 
polarized radiation. Measurements were made during both 


winter and summer in « to evaluate the effect of changing 
The determination of angles of 
arrival and the assessment of the modifications of the fields 


ground and foliage conditions 
due to the terrain between the experimental sites and the 
facilitated by: (1) The mounting of the 
antennas on path testing towers at the transmitting site south 
of the ridge and at the receiving sites north of the ridge. This 


obstruction were 
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permitted a considerable range of variation of antenna height, 
and azimuth and elevation angles. (2) The use of a monitoring 
station on the top of the ridge from which line-of-sight condi- 
tions existed to the transmitting site and the receiving sites. 
The experimental arrangement is described briefly, and the 
results are presented, discussed, and compared with the 
predictions of classical knife-edge and more exact theories. 


F2. An Investigation of Slot Radiators in Rectangular 
Metal Plates. D. G. Froop anp J. R. Wait.—The radiation 
from slots cut in conducting surfaces of limited extent is 
discussed. Equatorial plane patterns of an axial half-wave slot 
in a rectangular metal plate are measured at X-band fre- 
quencies for plate widths which vary between 1 and 45 wave- 
lengths. The experimental! results compared favourably with 
the calculated patterns on the assumption that the plate can 
be represented by a thin elliptic cylinder of infinite length. It 
is observed that if the plate length is equal to or greater than 
its width the pattern is within a few percent of the correspond- 
ing theoretical pattern for a plate of infinite length. The 
admittances of the slots were also measured and compared 
with theoretical values of conductances. The agreement is 
seen to be quite good. 


F3. A Parallel-Plate Transmission Line. Joun E. Keys, 
Radio Physics Laboratory.—A parallel-plate transmission line 
operating at a wavelength of 10 cm has been constructed at the 
Radio Physics Laboratory for measuring the radiation and 
scattering patterns of models. A description will be given of 
this instrument and several problems which arose in its de- 
velopment. To check its accuracy, scattering patterns of 
metal cylinders were taken and checked against known theo- 
retical results. In its present form, the line proves to be accu- 
rate to +2 percent in amplitude measurements and +3° in 
measurements of phase. 


F4. Scattering of Electromagnetic Waves by Coaxial 
Cylinders. ALnert W. Apey. Defence Research Board.—A 
scattering system comprising two coaxial, dielectric, circular 
cylinders has been studied theoretically and experimentally. 
Calculations have made of the forward- and back- 
scattered fields for several combinations of inner and outer 
radii. It has been found that, by covering a metal cylinder 
with a coaxial dielectric shield, it is possible to eliminate to 
some extent the deep near field shadow. Experimental results 
obtained at a wavelength of 3.275 cm using a parallel-plate 
transmission line are in good agreement with calculations. 


been 


FS. Infrared Absorption in Gaseous, Liquid, and Solid Car- 
bon Dioxide Induced by Intermolecular Forces. V. GAIZAUSKAS 
anpD H. L. Wetsn, University of Toronto.—The », infrared 
absorption band of carbon dioxide, induced by intermolecular 
forces in the compressed gas, shows a large deviation from 
square-law variation with density. The deviation is explained 
as a pressure effect on the rate of change of polarizability and 
is related to the variation of Raman intensity and refractive 
index with density. The »; band observed in thick crystals is 
totally different from that observed in the gas and liquid, and 
can be interpreted as sum and difference tones of the molecular 
frequencies with the vibrational frequencies of the crystal 
lattice. In the gas and liquid, the induced absorption is caused 
by asymmetric distortion of the molecule in collisions. In the 
crystal, in which each molecule is a center of symmetry of the 
lattice and the molecular rotation is hindered, asymmetric 
distortion can be produced only as a result of the lattice vibra- 
tions; therefore, only sum and differences tones of the molec- 
ular frequencies with the lattice frequencies occur in induced 


absorption. 


F6. Infrared Absorption of Liquid and Solid Hydrogen and 
Its Dependence on the Ortho-Para Ratio. Exizanetu J. 
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Attu, W. F. J. Hare, ann H. L. Wess, University of 
Toronto.—-The fundamental infrared absorption of liquid and 
solid hydrogen has been studied from 22°K to 4.2°K with 
ortho-para ratios varying from 0 to 0.75. The absorption 
consists of three superimposed patterns of Q, S(0), and S(1) 
lines. One pattern consists of broad lines, interpreted as 
absorption induced by distortion due to overlap forces; in this 
case the vibrational frequency is modulated both by the 
lattice vibrations and the rotation of the molecule. A second 
pattern of strong sharp lines is probably due to the quadrupole 
interaction of the absorbing molecule with its first neighbors 
in the lattice. The third pattern, of weak sharp lines, arises 
from the quadrupole interaction of the absorbing molecule 
with its more distant neighbors; the frequencies in this case 
correspond most closely to those which would be obtained in 
Raman scattering. The complex dependence of the intensities 
of the various components on the ortho-para ratio will be 
discussed. 


F7. Automatic Computation of the Electronic Wave Func- 
tions of Molecules.* R. C. Saunt, University of Western 
Ontario.-A programme for the automatic computation of 
electronic wave functions of molecules using molecular inte- 
grals as the external data has been constructed for an electronic 
computer. Using this program a number of wave functions of 
the ground, ionic, and excited states of N» have been calculated 
at various internuclear distances. Transition probabilities, 
ionization potentials, molecular orbitals, and energy values 
which have been calculated, and a number of other properties 
of the ground, ionic, and excited states of N» are discussed. 


* This work is supported by the Air Force Cambridge Research Center. 


F8. Scintillation Spectrometry of X-rays from a Be-Window 
Tube.* P. K.S. WanG, R. J. RARIDON, AND MARVIN TIDWELL, 
Vanderbilt University.—The energy spectrum of a Be-window 
x-ray tube operating at 50 PKV was obtained using an 
Nal (TI) scintillation spectrometer. When a crystal with a 
25-mil Al window was used the measured continuum agreed 
fairly well with Kramers’ Theory.' However, when a crystal 
with a }-mil Al window was used, a high-intensity peak 
superimposed on the long wavelength end of the continuum 
was observed. Absorption measurements showed the energy of 
the peak to be comparable to the energy of the L x-rays of the 
tungsten target. When this peak was effectively filtered out, 
an attenuation curve taken with Al absorbers gave, by 
Laplace transformation, a spectrum which agreed with the 
bremsstrahlung continuum obtained by Emigh and Megill.” 
The contribution of the characteristic L-radiations to the 
total intensity of the beam amounted to 35 percent. 

* Work partially supported by a sponsored project of the U. S. Atomic 
Energy Commission. Preliminary results were reported at the Gainesville 
meeting of the Southeastern Section of the American Physical Society, 
April 7, 1955 


'H. A. Kramers, Phil. Mag. 46, 836 (1923) 
*C. R. Emigh and L. R. Megill, Non-Destructive Testing 11, 30 (1953). 


Fo. Currents and Water Masses in Lake Huron. D. V. 
ANDERSON, Department of Lands and Forests, J. C. AYERS, 
Cornell University, anp D. C., CHANDLER AND G. H. Lavurr, 
University of Michigan.—In the summer of 1954 three synoptic 
surveys were made of the physical and chemical structure of 
the waters of Lake Huron to trace their seasonal variations 
and their movements. Bathythermograms were made, surface 
currents measured, and water samples taken at several depths, 
and other observations were made on the same days from eleven 
boats which followed a network of courses over the lake. Some 
of the results of the work are presented to show the distribu- 
tion of water temperature, the concentrations of calcium, 
magnesium, and silicon, and the probable pattern of currents 
in the lake. 











F10. Transfer Rate Measurements in a Hydrodynamic 
System Containing a Nonuniformly Mixing Compartment.* 
GeraLp A. WRENSHALL AND Harry ScHACHTER, University 
of Toronto.—The mathematical basis developed by Sheppard 
and Householder’ for the tracer measurement of transfer rates 
in uniformly mixing constrained steady-state systems of 
compartments has been extended. A basis for measurements of 
transfer rates between compartments using a single tracer 
substance in constrained but open systems containing non- 
uniformly mixing compartments will be presented. The re- 
vised basis does not entail assumptions concerning dynamic 
equilibrium. The applicability of this development has been 
tested using techniques described elsewhere’ by comparing 
direct and tracer-measured transfer rates in a hydrodynamic 
systems of compartments, in one of which uniform-mixing did 
not occur. Direct and tracer-measured transfer rates for this 
compartment were found to agree to within 4 percent. 

* Work supported by the National Research Council (Canada), and the 
Banting Kesearch Foundation 


Sheppard and Householder, J. Appl. Phys. 22, $10 (1951 
'L Lax and G. A. Wrenshall, Nucleonics 11, 18 (1953) 


Fil. Simultaneous Rates of Phosphorus Transfer between 
Fifteen Compartments within the Rat.* Lovis C. Lax anp 
GeraLp A. WrensHatt, University of Toronto.—A mathe- 
matical basis for the tracer measurement of rates in systems 
containing compartments in which uniform mixing can not be 
assumed to occur’ has been applied to the total phosphorus 
contained in the normal fasting male Wistar rat, weighing 
200 gm. Using P™ as a tracer, and assuming that the tri- 
chloroacetic acid-soluble phosphorus of blood plasma repre- 
sents a part of the central mammillary? phosphorus compart- 
ment in the rat, rates of phosphorus transfer from this com- 
partment to fifteen peripheral mammillary compartments 
have been calculated. Expressed as ywg/min, these are: bones 
and teeth 152, skeletal muscle 55.4, liver 42.0, urine 12.3, 
skin 10.8, withdrawn blood cells 4.52, kidneys 4.50, nonvis- 
ceral fat 2.99, gastrointestinal tract 2.38, lungs 1.89, testicles 
1.71, spleen 1.68, heart 1.47, brain 0.23, remainder 1.79. The 
independently calculated total rate of phosphorus transfer 
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from the central compartment to the peripheral ones (303) 
was found to correspond closely with the sum of the calculated 
transfer rates from the peripheral compartments to the central 
one (296). The method of analysis also provides values for the 
amount of phosphorus within each compartment, thus making 
available values for the average time a phosphorus atom re- 
mains in each compartment. 

* Supported by the National Research Council (Canada) and the Bant- 
ing Research Foundation. 


! Wrenshall and Schachter, Bull. Am. Phys. Soc. 30, No. 4, 14 (1955). 
2 Sheppard and Householder, J. Appl. Phys. 22, 510 (1951). 


F12. Specific Interaction between Identical Molecule Pairs. 
HERBERT JeHLE, J. M. Yos, anp W. L. Bape, University of 
Nebraska.—A new approach has been made to compare the 
interaction free energy of a pair of identical molecules with 
that of a nonidentical pair, due to polarizability-polarizability 
interaction of oscillator sets representing the molecules. For 
such an oscillator set model it is shown that two identical 
macromolecules imbedded in a homogeneous medium will 
always associate to become a close neighbor pair, as that 
provides for the lowest free energy. 


F13. A Calorimetric Method for the Direct Determination 
of the Energy Locally Absorbed in an Irradiated Material. 
J. P. Bernier, H. E. Jouns, ann D. V. Cormack, University 
of Saskatchewan.—The relation between the energy absorbed 
per unit mass at a point in a solid material and the ionization 
per unit mass in an infinitesimal gas-filled cavity situated at 
that point is given by the Bragg-Gray formula, E,,=JmWo-, 
where W is the mean energy expended in the production of an 
ion pair in the gas and p the mass stopping power of the solid 
relative to the gas. The present paper describes a method for 
measuring independently £,, and J,,. From these, the product 
Wp. can be determined for different combinations of gases and 
solid materials. Assuming the ratio of the mass stopping power 
of carbon to air to be p» = 1.003, we obtain 34.2 ev/ion pair for 
air, for electrons set in motion by cobalt 60 gamma rays. 
Results will be presented for other materials. 
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Gl. Magnetic Susceptibility of Ti and Substitutional Ti 
Alloys. J. M. Denney,* California institute of Technology 
The magnetic susceptibility of Ti and of solid solution alloys 
of Al, Ga, and Ag in Ti has been determined by the Faraday 
method with field dependent corrections ascertained by the 
method of Honda and Owen. Specimen impurities determined 
by spectrographic analysis were less than 0.01 percent. The 
field dependence of the susceptibility, 4y/4(1/H), was ~10~* 
esu-oersted. A gram-susceptibility of 3.31 x 10~*(+0.02 x 10~*) 
esu was found for Ti at 296°K with a positive, approximately 
linear, dy/8T of 1.210 esu/°K in agreement with the 
results of Squire and Kaufman.' Susceptibility-concentration 
coefficients at 296°K for Ti solid solutions up to 5 atmos 
percent Al, Ga, or Ag were found to be small: —0.023, —0.031, 
—0.059 X 10~* esu /atmos percent, respectively ; however, the 
solute additions caused large changes in lattice parameters 
and other physical properties. The relative independence of x 
with lattice spacing in the alloys and other considerations 


suggest that the major contribution to x is due to interaction 
of d-electrons in contrast to a previously suggested explana- 
tion.' The x(7) and other properties can be interpreted on the 
basis of a two-band model in which one band is characterized 
by an antiferromagnetic exchange. More direct evidence to 
substantiate or disprove this view is desirable. 

* Now at the General Electric Research Laboratory, Schenectady, New 


York 
'C. F. Squire, and A. R. Kaufman, J. Chem. Phys. 9, 673 (1941). 


G2. Magnetic Susceptibility of Sodium. R. Bowers, 
Westinghouse Research Laboratories.—The susceptibility of 
sodium has been measured from room temperature down to 
55°K using a Gouy balance. The susceptibility at room temper- 
ature was found to be (0.70+0.03) X 10~* cgs mass units. The 
renewed interest in the susceptibility of the alkali metals 
arises from recent calculations of the paramagnetic contri- 
bution of the conduction electrons,'? as well as the possibility 
of measuring this contribution directly.* An analysis of our 

















data on the basis of these calculations leads to a rather small 
diamagnetic contribution from the conduction electrons, less 
than one-fourth of the Landau free electron value. No ab- 
normal behavior was found in the susceptibility between 77°K 
and 55°K, where the Knight shift shows signs of being anom- 
alous.* Hence, within this limited temperature range, the 
behavior of the nuclear resonance is not due to a change in the 
density of states. 

1D. Pines, Phys. Rev. 95, 1090 (1954). 

2T. Kjeldaas and W. Kohn, Bull. Am. Phys. Soc. 30, No. 3 (1955). 


*C. P. Slichter, Phys. Rev. 95, 1089 (1954). 
*W. D. Knight, Phys. Rev. 96, 861 (1954). 


G3. Magnetic Susceptibility of Metallic Lithium. Emerson 
WILLIAM PuGH AND J. E. Go_pMAN, Carnegie Institute of 
Technology.—Schumacher, Carver, and Slichter' have recently 
measured the paramagnetic part of the magnetic suscepti- 
bility of metallic lithium by the spin resonance method. Using 
this data, plus the diamagnetic contribution of the core 
electrons and an experimental value for the total suscepti- 
bility, an estimate of the diamagnetism of the conduction 
electrons can be made. Large discrepancies in existing values 
for total susceptibility led the authors to remeasure the value 
at room temperature, using the Gouy method on two samples* 
of different purity. One sample was 99.9 percent pure while 
the second was commercial grade lithium with about 0.6 
percent Na. Both samples were approximately 0.89 cm in 
diameter by 13 cm in length and measurements were made in 
fields ranging up to 17000 gauss. The total susceptibility 
thus obtained is 2.04+0.0710~* cgs volume units for the 
pure sample and 1.99+0.07 K10~* for the other. The results 
will be compared to earlier measurements of this quantity and 
an upper limit placed on the conduction electron diamag- 
netism. 


! Schumacher, Carver, and Slichter, Phys. Rev. 95, 1089 (1954). 
2 Kindly supplied by the Lithium Corporation of America. 


G4. Magnetic Susceptibility of UO, from 2°K to 300°K. 
Antuony Arrott AND J. E. GotpMAN, Carnegie Institute of 
Technology.—A specific anomaly has been observed in UO, at 
29°K' which is believed to be indicative of a transition to an 
antiferromagnetic state. However, Trzebiatowski and Sel- 
wood? have measured the susceptibility at 20°K and found 
no evidence for antiferromagnetism. Using a sample provided 
by O. C. Simpson of Argonne National Laboratory, we have 
investigated the magnetic susceptibility from 2°K to 300°K. 
The results are indicative of antiferromagnetism. The sus- 
ceptibility deviates from Curie-Weiss behavior below 50°K. 
It reaches a maximum between 33°K and 28°K and then drops 
to 0.9 of its maximum value at 25°K. From 25°K to 2°K the 
susceptibility is temperature independent. The constants in 
the Curie-Weiss law when compared with the results of Daw- 
son and Lister’ indicates a deficiency of U in our sample of the 
order of 7 percent. Measurements on samples having slightly 
different stoichiometry will be discussed. 

1 Jones, Gordon, and Long, J. Chem. Phys. 20, 69S (1952). 

2W. Trzebiatowski and P. W. Selwood, J. Am. Chem. Soc. 72, 4504 


(1952 
3 Dawson and Lister, J. Chem. Soc. 1950, 2181 (1950). 


GS. Crystal Structure of Gadolinium Orthoferrite, GdFeO,.* 
S. Getter, Bell Telephone Laboratories, Inc.—The crystal 
structure of gadolinium orthoferrite, GdFeO;, has been deter- 
mined from single crystal x-ray data. There are four GdFeO; 
distorted perovskite units in the orthorhombic cell with lattice 
constants a = 5.34, b=5.62, c=7.67+0.01 A. The structure is 
solved on the basis that the most probable space group is 
D,,(16)-Pbnm. However, although the atomic coordinates 
lead to very good agreement between calculated and ob- 
served reflection amplitudes, there are at least very slight 
deviations from the centrosymmetric space group because the 
iron sublattices are imperfectly antiferromagnetic. Compounds 





SESSION G 1641 


definitely isomorphous with GdFeO, are the orthoferrites of 
Nd**, Sm**, Eu**, Pr**, La**, Y**, YAIO;, and YCrOs. 
Probably most of the perovskite-like crystals reported by 
Naray-Szabo' and Megaw* as monoclinic are isomorphous 
with GdFeOs,. 

* This work was stimulated by Professor L. Néel, Dr. B. T, Matthias, and 
Dr. M. A. Gilleo. The caccenstel eslution of this problem is in a measure 
due to the availability of sizable single crystals grown by Mr. J. P 


1St. v. Naray-Szabo, Publ. Univ. Tech. Sci., Budapest 1, oat (1947). 
*H. D. Megaw, Proc. Phys. Soc. (London) 58, 133 (1946). 


G6. Magnetic Properties of a Gadolinium Orthoferrite 
Crystal. M. A. Griieo, Bell Telephone Laboratories, Inc.— 
Ina crystal gadolinium orthoferrite,! GdFeOy, the susceptibility 
x and the parasitic ferromagnetic moment ¢» are anisotropic, 
as is expected in an orthorhombic structure. The maximum 
and minimum of both x and oo change direction with change 
of temperature. A common direction for x min and oo max is 
expected in the absence of Gd according to the hypothesis that 
oo arises from incomplete compensation of two antiferro- 
magnetic Fe sublattices. However, the observed directions of 
x min and e¢» max do not coincide. Over the temperature 
range 77 to 300°K x can be almost wholly attributed to Gd. 
The magnitude of oo at 77°K is about 1 percent of the available 
o(Fe) and is only a little less at 300°K. 


*Work on GdFeO, in ceramic form has been carried out by Néel and 
co-workers [Pauthenet and Blum, Compt. rend. 239, 33 (1954) }. 


G7. Magnetic Measurements on a Single Microscopic 
Particle. A. H. Morrisu AND S. P. Yu, University of Minne- 
sota.—A quartz torsion balance has been constructed, which 
permits measurements to be made on an individual magnetic 
particle of about 1 micron diameter (mass ~10~" gram). The 
suspension fiber in the instrument was between 0.5 and 2.0 
microns, depending on the size of the particle investigated. 
Measurements on an individual particle eliminates several 
factors present in powders. These factors include the inter- 
particle interactions, and the averaging effect due to the par- 
ticles’ orientation. Magnetite and y —Fe,O, particles of about 
this size are close to the critical single domain size limit. Meas- 
urements on a roughly spherical, 1-micron particle of FesO, 
showed the particle to be multidomained, since the net 
magnetisation could be varied continuously as a function of 
applied field. On the other hand, an acicular particle, about 
1 micron in polar axis length, and 0.2-micron equatorial axis 
length, was found to have only discrete amounts of magneti- 
zation, and thus exhibited single domain properties. These 
results are in agreement with theoretical calculations. 


G8. Effects of Spin-Orbit Coupling in Ferromagnetics. 
Petros N. ArGyres, Westinghouse Research Laboratories. 
The conductivity and polarizability tensors of a ferromag- 
netic metal in an electromagnetic field have been calculated 
on the basis of the density matrix formalism. Electron-lattice 
interactions have been taken into account in a phenomeno- 
logical way thus extending the validity of the formulas for all 
frequencies from zero to ultra-violet. The spin-orbit inter- 
action gives rise to off-diagonal components of the polariza- 
bility and conductivity tensors which are proportional to the 
magnetization of the sample. This explains the occurrence of 
the anomalous Hall, Faraday, and Kerr effects in ferromag- 
netics. These formulas extend and synthesize the results of 
Karplus and Luttinger! and the author.* 


'R. ?—— and J. M. Luttinger, Phys. Rev. 95, 1154 (1954). 
2P. N. Argyres, Phys. Rev. 97, 334 (1955). 


G9. On the Calculation of Curie Temperatures. Harry A. 
Brown, Oberlin College.—The Kramers-Opechowski method! 
of locating the transition point of a ferromagnetic (from the 
high-temperature series expansion of the partition function) 
has been pushed to the fifth step in the approximation for the 
body-centered cubic, simple cubic, and quadratic layer lattices 
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for arbitrary spin. Transition temperatures have been cal- 
culated for spin 4 to 3 giving in all cases series of approxima- 
tions that converge satisfactorily and agree with the results of 
the Bethe-Peierls-Weiss method* where they are known. The 
failure of the Kr amers-Opec howski method for the anti- 
ferromagnetic case will be discussed and detailed numerical 
results will be presented. 


1W. Opechowski, Physica IV, 181 (1937 
*P. R. Weiss, Phys. Rev. 74, 1493 (1948 


G10. Application of the Bethe-Weiss Method to Ferri- 
magnetism. J. Samuet Smart, U. S. Naval Ordnance Labora- 
tory, White Oak, Maryland.—The Bethe-Weiss theory' of 
ferromagnet lied 


ism is extended and ipplie 1 to a crystal contain 


ing two nonequivalent sets of sites for the magnetic atoms 
Following Néel,? we designate the sites by A and B. Only 
nearest neighbor A B interactions are considered (a=8 =0, 


in Néel's notation) nt Curte 


obtained, 
For 


par illel below the C it 


As expec ted, two differe 
} 


the sign ot 


tempera- 
depending on the exchange 
J>0, the A and B magnetizations are 
nd for J <0, the A and 


tures are 


interaction J 


e temperature a 


B magnetizations are antiparallel below the Curie temperature 
Expressions for the specific heat discontinuity and the 
susceptibility above 7, are derived. If the two sublattices are 
made equiv ilent, the equations for J>0 reduce to Weiss’ 


equations for the ferromagnetic case while the equations for 


1 <0 reduce to Li's equations for the antiferromagnetic case 
Specific results will be presented for some simple models of 
ferrimagnets and comparisons will be made with the Néel 
theory* results for the same models 


P. R. Weiss, Phys. Rev, 74, 1493 
*L. Néel, Ann. phys. 3, 137 (1948 
Y. Y. Li, Phys. Rev. 84, 721 (1951 


1948 


Gil. Corrections to the Hall Potential in Ferromagnetic 
Materials.* Emerson M. PuGu anp F. E. ALLison, ¢ 
Institute of Technology.—In evaluating the ordinary Hall 
oefhicient, the Hall potential per unit current is normally 
plotted as a function of B. The this curve is Ref 1 


irnegue 


slope of 


t4r(a—1)9M/ 0B )/t and equal to Ry/t when 4r(a—1) 0M 
038<1: however, great care must be taken to insure that the 
fields used in determining Rp» are sufficiently high that this 


mdition is satished. Two other sources of error are also 


important. The transverse temperature gradient arising from 


the Ettingshausen effect can superimpose a thermoelectric 


emf upon the Hall potential when the probes are made from a 


material other than that of the sample. Also when the sample 
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is mounted between supports of a material other than the 
sample material, the Peltier effect produces a longitudinal 
temperature gradient, and the Nernst effect, which is associ- 
ated with the temperature gradient, superimposes another 
transverse potential upon the Hall potential. Recent experi- 
mental data for an 80 percent Ni-20 percent Cu alloy at room 
temperature indicates that the Nernst potential may be as 
much as 6 percent of the Hall potential when no effort is made 
to suppress the temperature gradient. 


* Supported by the Office of Naval Research 


G12. Hall and Nernst Effects in Ferromagnetic Materials.* 
F. E. ALLISON AND EMERSON M. PuGu, Carnegie Institute of 
Technology.—When both the Hall and Nernst effects con- 
tribute, the transverse potential per unit current should be of 
the form, V l=R,(H +4ray MW) t ~A vwku (H+42rayM) 
x (dT /dx)/I, where t and w are the thickness and width of 
the sample, ag and ay the field parameters for the Hall and 
Nernst effects, Aw the Nernst coefficient, and & the thermal 
conductivity. A field parameter must be introduced for the 
Nernst effect since previous measurements' on ferromagnetic 
materials show that the Nernst potential has the same 
characteristics as the Hall potential. For a constant magnetic 
field V/J is a (aT /ax)/I and the Hall 
potential can be obtained by extrapolation For fields suffi- 
ciently high that H<4rayM and H<4srawM, the ratio 
Roan /Awnay is given by kwt times the ratio of the slope to 
intercept. 


linear function of 


the Office of Naval Researc 
Smith, Phys. Rev. 33, 295 (1911 


* Supported by 


‘A.W 


G13. The Pyroelectric Effect in BaTiO,. A. G. CoyNowETH, 
Bell Telephone Laboratories.—Pyroelectric currents of square 
wave form are produced in single crystals of BaTiO, by illu- 
minating them with chopped light from a tungsten lamp. It is 
shown that from room temperature up to the Curie point the 
pyroelectric effect is described by the same polarization func- 
tion as is determined from measurements of the hysteresis 
loop. The experimental technique proves to be a very sensitive 


and nondestructive method for studying the behavior of the 
polarization of the crystal. The technique is used to study the 
pyroelectric effect induced by applied static electric fields at 


temperatures ibove the Curie point The results are consistent 
with Devonshire's theory of the ferroelectricity of BaTiO; and 
they confirm that the Curie point transition is of the first 


order 
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AFTERNOON AT 1:30 


Mechanical Building 


(J. A. 


BECKER presiding 


Surface Physics and Electronic Properties of Solids 


Invited Papers 


(H1 at beginning, H2 after H4 


H1. Ionization and Solubility of Impurities in Semiconductors. Howarp Ress, Bell Telephone 


Laboratories. (25 min 


H2. Adsorption Measurements Using lIon-Bombardment Cleaning and Low-Energy Electron- 


Diffraction Techniques. H. E 


FaRNSworTH, Brown University. 


25 min 


Contributed Papers 


H3. Effect of Ambients on the Thermoelectric Power and 
Conductance of Germanium Particle Aggregates. E. A 
Kerxo, Syleania Electric Products Inc.—The electrical and 


thermal resistances of aggregates of particles free of insulating 
surface films result almost entirely from the constriction of 
flow lines in the vicinity of the interparticle contact surfaces.' 
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In the case of germanium particles under small compressive 
loads the effective length of the constriction regions is com- 
parable to the thickness of the space-charge layer. The 
thermoelectric power and dc conductance of such a system are, 
therefore, largely surface properties and an additional method 
is provided for investigating effects of various ambient atmos- 
pheres in shifting the bands at the surface. Thus far n-ger- 
manium has been studied using particles of ~60 w« diameter 
obtained by crushing monocrystals. When the ambient is 
changed from oxygen to water vapor the conductance passes 
through a minimum which may be a small fraction of its 
initial value. The slope of the log (conductance) vs 1/T plot 
rises from values corresponding to activation energies <0.1 ev 
and goes through a maximum ~40.3 ev, while the thermo- 
electric power swings from positive to negative over a range 
as large as two to three hundred microvolts per degree. 


' Ragnar Holm Electric Contacts (Gebers, Stockholm, 1946). 

H4. Some Properties of the Iron Oxide-Alumina System. 
WALTER GRATTIDGE,* General Electric Research Laboratory.— 
The effects of additions of iron oxide to aluminum oxide have 
been studied for sintered samples in the range 0 to 20 percent 
Fe,O; addition by weight. The electrical resistivity in air from 
room temperature to 1000°C is markedly reduced by the pres- 
ence of iron oxide. For example, at 800°C the reduction in 
specific resistance is from about 9X 10? ohm cm to 5X10* ohm 
cm for 20 percent iron oxide addition. The activation energy 
for electrical conductivity also decreases, from about 1.8 ev 
for zero addition to approximately 0.4 ev for 20 percent iron 
oxide addition. Firing tests indicate that the major solid state 
reactions occur in the temperature region 1350 to 1450°C. The 
results are described by the formation of a solid solution of the 
two spinels FesO, and FeO Al,O, together with excess Al,O,. 

* This study has been carried 
General Electric Company 


mut in cooperation with J. G. Stuart, 


HS. Work Function of the (100) Face of a Germanium Single 
Crystal as a Function of Heat Treatment and Ion Bombard- 
ment.* J. A. Ditton, JR., AND H. E. FARNswortn, Brown 
University. —The work function and photoelectric yield of the 
(100) face of a germanium single crystal are studied as func- 
tions of surface treatment. The work function of a gold plated 
reference is determined by the Fowler method, and the contact 
potential difference between this reference and the germanium 
crystal is measured by the Kelvin method. Before the tests, 
the crystal was given a CP-4 etch. Approximate values based 
on preliminary measurements are the following. Before baking, 
the contact potential difference is 0.37 volt with the ger- 
manium work function being lower than that of the gold. 
After baking in vacuo at 350°C for 10 hours, the germanium 
work function is 4.72 ev. After the crystal is further outgassed 
at 600°C for 2 hours the work function drops to 4.55 ev. 
Positivé:ion bombardment! of the germanium surface raises 
the work function to 4.75 ev. After a five minute annealing of 
the crystal at 500°C following the ion bombardment, the work 
function is 4.55 ev. Contamination of the surface by adsorp- 
tion of residual gases decreases the work function and in- 
creases the photoelectric yield of this crystal face. : 

*Supported by a Joint Service's Contract with the Massachusetts 


Institute of Technology and a subcontract with Brown University. 
1 Farnsworth, Schlier, George, and Burger. J. Appl. Phys. 26, 252 (1955) 


H6. Effect of Adsorbed Hydrogen on the Field-Emission 
Current from the 310 and 210 Planes of Tungsten. J. A 
Becker, Bell Telephone Laboratories.—When , hydrogen is 
adsorbed on a simple plane of tungsten such as the 310, it 
decreases the field-emission current « by a factor of 200. A plot 
of log i versus the adsorption time shows that adsorption takes 
place in three stages. At an H; pressure of 5X10-* mm: the 
first stage ends after 1.5 min when i/t) =0.77 ; the second stage 
ends after 3.7 min when i/i¢=0.017; the third stage ends 
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after 6.0 min when #/i9=0.005. For each stage ¢ decreases 
rapidly, then more slowly, and approaches its limiting value. 
The third stage is desorbed at 380°K; the second stage at 
580°K, and the first stage at 1000°K. The 210 plane also 
shows three stages of adsorption. The structure of these 
planes is such that a small electro-positive atom can be 
adsorbed below the outermost tungsten atoms and can thus 
form electro-negative dipoles, which decrease the emission. 
Each plane has two kinds of sites with different bond strengths 
and dipole moments. An adsorption stage ends when every 
alternate site is filled. 


H7. Thin Film Interference Phenomena Applied to a Study 
of Gettering by Titanium. V. L. Srour anp M. D. Ginsons, 
General Electric Research Laboratory.—A step gauge of oxidized 
titanium was constructed and studies of the oxidation and 
dissolving of oxygen by titanium have been made. The oxida- 
tion was carried out at about 1000 microns of mercury 
oxygen pressure and the dissolving was done in vacuum. 
These studies show that different crystalline faces of hexag- 
onal titanium oxidize at different rates. The parabolic oxida- 
tion law was found to hold for different individual faces. 
Dissolving of surface oxide was also dependent on the crystal 
face exposed. (A colored motion picture of the oxidation and 
oxide dissolving process on titanium will be shown.) 


H8. Adsorption Measurements at Very Low Pressures. S. 
WaAGENER, Kemet Company.—Rates of adsorption are meas- 
ured by flowing the gas through a capillary to which ionization 
or Knudsen gauges are attached at both ends. From measure- 
ments of rates versus time, adsorbed quantities as low as 10~* 
ug (equal to 1/1000 of a monolayer per cm*) can be deter- 
mined. The factors influencing the accuracy of this method 
are discussed. The method is used for studying the adsorption 
of several gases (mainly CO and H,) on thin films of barium, 
magnesium, and nickel. Values are obtained for the probability 
of adsorption and for the dependence of adsorbed quantities 
on temperature and weight of the film. The activation energies 
for the adsorption of CO, CO», and O, are found to be smaller 
than 0.2 k cal/mole. Desorption phenomena are studied by 
reversing the flow of gas. Such studies are used for distinguish- 
ing between physical and chemical adsorption and for esti- 
mating the heat of adsorption 


H9. Electron Impact Studies with Dimethylamine.* 
HERMAN BRANSON AND NasirRA F. Lepserrer, Howard 
University.—By varying the energy of the bombarding elec- 
trons in a 60° mass spectrometer, we have observed the 
following results for (CH,):NH: 


Mass Ion A(x) Dix I(x) 
45 (CHa):NH 9.60 9.00 
44 (CHa)iN 13.63 446 917 
Rt) CHiNH 13.53 3.07 10.46 
29 CHiN 15.39 6.75 8.64 
15 Cus 13.37 3.07 10.30 
14 CHe 18.92 6.87 12.05 
14 N 25.13 10.68 14.45 
13 CH 22.32 10.37 11.96 
12 ¢ 25.18 13.87 11.31 


where D(x) is the dissociation energy, I(x) the ionization 
energy, and A(x) the appearance potential of the ion in the 
mass spectrometer in electron volts. Thermochemical cycles 
were used for the derived results. These data give 3.07 ev for 
the energy of the N—C bond. 


* His work is being supported by the U. S. Atomic Energy Commission 
and the Office of Naval Research. 


H10. Dissociation of Solid Compounds by Electron Bom- 
bardment. Greorce E. Moorr ann W. T. Hucues,* Bell 
Telephone Laboratories.—Dempster,' using a mass spectrom- 
eter, first observed this phenomenon in 1918, but it has appar- 
ently never been investigated in any detail. We report here 
preliminary measurements on two types of solids, the alkali 
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chlorides and the alkaline earth oxides. A small demountable 
mass spectrometer contained the usual tungsten filament 
electron-bombardment source. Behind this was mounted an 
equipotential oxide-coated cathode and an anode coated with 
the solid compound to be dissociated. While calibrating the 
mass-to-charge scale, and during the experimental measure- 
ments, the cathode and tungsten filament operated at the same 
potential. lons produced by electron impact dissociation of the 
compound on the anode are then displaced from their proper 
calibration position by the voltage accelerating the electrons 
from the cathode to anode. Both positive and negative ions 
are so displaced. The threshold energy of electrons able to 
produce ions by impact dissociation of a compound is appar- 
ently considerably greater than the heat of formation of the 
compound. Typical mass spectrograms will be shown. The 
technique should also be useful in studying the adsorption of 
thin films of simple compounds or elements 


* Now at Sandia Corporation, Sandia, New Mexico. 
1A. J. Dempeter, Phys. Rev. 11, 316 (1918). 


H11. Field-Induced Surface Effects.* Henry H. Kotmt 
and GeorGce W. Pratt, Jr.,f Lincoln Laboratory.—It was 


SESSIONS H, J, 


AND K 


observed that the contact potential between identical elec- 
trodes in gaseous atmospheres is varied significantly by the 
application of a constant electric field, the work function of the 
negative electrode being increased relative to that of the 
positive electrode. Decay of the effect upon removal of the 
field is governed by a logarithmic law showing dependence 
upon the electrode material and nature of the gaseous atmos- 
phere. A tentative explanation of the effect is offered, based on 
the assumption that the work function depends critically upon 
the equilibrium between adsorption and desorption rates at 
the gas-electrode interface, and that this equilibrium is affected 
by applied electrostatic fields of reasonable magnitude. This 
assumption is supported by the fact that field-induced 
absorption has been observed independently by direct experi- 
ments. It was found incidentally that use of the Kelvin 
method in gaseous atmospheres may lead to serious errors if 
conventional electrometer null detection methods are used, 
due to charge accumulation on a virtually ungrounded 
electrode. 

* The research in this document was supported jointly by the Army, 
Navy, and Air Force under contract with the Massachusetts Institute of 


Technology. 
t Staff Member. 


THURSDAY MORNING AT 9:30 
McLennan 135 
G. HERZBERG presiding) 


Invited Papers 
Ji. Summary of Recent Research in Physics at McGill University. J. S. Foster, McGill Univer- 


sity. (45 min.) 
J2. Photonuclear Reactions: Some Theoretical Considerations. R. SkINNER, University of Sas- 


katchewan. (20 min.) 
J3. Photonuclear Reactions : Some Experimental Results. Leon Katz, University of Saskatchewan. 
(20 min.) 


J4. Lead Isotopes and the Earth’s History. R. D. Russeiy, University of Toronto. (30 min.) 


a 4 
[THURSDAY MORNING AT 9:30 


McLennan 132 


(D. C. Rose presiding) 


Cosmic Rays 


Ki. Identification of Cosmic-Ray Shower Particles in 
Emulsions. I. lonization-Scattering Method. C. J. D. Jarvts,* 
A. Husarn.* ano E. Pickup, National Research Council, 
Ottawa.—A blob count vs scattering method has been used to 
identify medium energy particles (p8~50 Mev—1 Bev) 
emitted in cosmic ray stars formed at high altitudes in Ilford 
G5 emulsions. Pions, K-mesons (mass ~950m,), protons, anc 
deuterons have been identified, and in recent work there is no 
evidence for a group of particles of intensity about 7 percent 
with a mass intermediate between that of the 950 m, group 
and the proton group as indicated by the Bristol results 


® National Research Laboratories Postdoctorate Fellow 


K2. Identification of Cosmic-Ray Shower Particles in 
Emulsions. Il. Range-Scattering Method. B. JupEK AnD E 
Pickup, National Research Council, Ottawa.—Measurements 
are being made on long tracks (> 3 cm) ending in the emulsion 
using the constant sagitta method. The results on the mass 
distribution of the particles, as well as the information on the 
accuracy of this method of measurement, will be reported. 


K3. Charge Spectrum and Zenith Angle Distribution of 
Heavy Primary Nuclei Entering the Atmosphere. HERMAN 
Yacooa, Natioanl Institutes of Health.—Emulsions flown to a 
peak altitude of 135 miles in Viking rocket No. 9 have been 
studied for the tracks of nuclei of Z 56. On the basis of 238 
tracks identified by delta-ray counts in emulsions 1800 microns 
thick, the ratio of M-medium (6 <Z <10) to H-heavy (Z>10) 
nuclei is 2.66+0.30. Of the heavy orimary nuclei, carbon is the 
most abundant. The C—N—O nuclei appear to diminish in 
that order. Fluorine and neon constitute about 17 percent of 
the M-nuclei. Sodium and magnesium total about 30 percent 
of the H-nuclei. The spectrum also suggests minor peaks at 
silicon, sulfur, titanium, and iron. The tracks of Li—Be—B 
nuclei have been observed, Rrw <0.3, but their primary nature 
cannot be established. The omnidirectional flux of Z 56 at the 
top of the atmosphere is estimated at 7.4+1.3 per m*-sec. 
steradian at \ 41°N. Within the limits of error the zenith 
angle distribution of the tracks, corrected geometrically, 
indicates an essentially isotropic flux in the upper hemisphere. 
The directional flux is in good agreement with geomagnetic 
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theory for zenith angles <60°. Theory predicts a marked dim- 
inution in flux for zenith angles >60° which is not in accord 
with the present observations. 


K4. Cosmic-Ray Proton Spectrum at Sea Level. K. W. 
Ociivy, National Research Council, Ottawa.—The application 
of the Cerenkov counter “‘heavy-particle selector’’ to the study 
of the cosmic-ray proton component will be discussed. Experi- 
ments will be described by which the flux in the energy region 
230 to 480 Mev has been measured, and some further informa- 
tion on the spectrum between 150 to 700 Mev has been ob- 
tained. The barometer coefficient for protons has been 
measured and found to be 0.65+0.08 percent/mb equal to 
that for neutrons within the experimental error. 


KS. Directional Intensity Studies of Cosmic Rays. Joun 
KatzMaNn, National Research Council, Ottawa.—Three iden- 
tical cosmic-ray telescopes, mounted on an iron frame turn- 
table, were employed to study the asymmetry and the zenithal- 
angle dependence of the hard component of cosmic rays. Two 
of the telescopes were mounted so that they would be fixed in 
steps of 5° to the zenith. The third telescope fixed in the 
vertical position was used as a monitor to avoid the necessity 
of calculating approximate corrections for changes in tempera- 
ture and pressure of the atmosphere. The zenithal dependence 
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of the intensity, Jg=J_ cos*@, was obtained for 10 different 
angles in the east-west plane; »=2.3+0.4 at 10° to n= 1.96 
+0.01 at 70° in the easterly direction and n = 2.00+.0.4 at 10° 
to n=1.94+0.01 at 70° in the westerly direction. The asym- 
metry in the east-west plane varied from 0.1 percent +0.3 
percent at 10° to 1.3 percent +0.6 percent at 70°. 


K6. On the Neutron Production by Cosmic Rays. K. W. 
Geicer, National Research Council.—Materials of various 
atomic weights were placed in a paraffin pile containing two 
large “BF, counters and the production of evaporation neu- 
trams due to interaction of cosmic rays was investigated at 
sea level. A wide-angle cosmic-ray telescope on top of the 
producer made it possible to distinguish between the ionizing 
and the total neutron producing component. Events with 
different numbers of neutrons detected from one interaction 
were recorded separately so that the neutron multiplicity could 
be worked out. In 0.75 inch of lead an average multiplicity of 
6 due to the total neutron producing component and 10 due to 
the ionizing part only has been fuond. This is consistent with 
the fact that, in the nucleonic component which is mostly 
responsible for the neutron production, the average energy of 
protons is higher than that of fast neutrons capable of pro- 
ducing interactions. The multiplicity has been found to in- 
crease with atomic weight approximately proportional to Al}. 


Invited Papers 
K7. Work Done with Nuclear Emulsions at Université de Montréal. P. Demers, Université de 


Montréal. (30 min.) 


K8. Cosmic-Ray Measurements at Sea Level over Wide Ranges of Latitude. D.C. Rose, National 


Research Council, Canada. (30 min.) 


K9. Prospective Cosmic-Ray Observation during the International Geophysical Year. S. A. 


Korff, New York University. (30 min.) 


THURSDAY MORNING AT 9:30 


Wallberg Building 


(B. W. SARGENT presiding) 


Radioactive Substances; Neutron Physics 


L1. Radioactive Decay of Ga”. M. W. Jouns, B. C. Cuipiey, 
AnD I. R. Wititams, McMaster University.—The beta and 
gamma radiations from 14 hr Ga” have been studied with a 
high resolution beta-ray spectrometer and two Nal (TI) 
spectrometers used in coincidence. Gamma transitions of the 
following energies and relative intensities were found: 601(7), 
630(21), 690(I.C. only), 768(3), 810(3), 834(93), 894(10), 
1050(7), 1317(2), 1463(4), 1595(6), 1859(6), 2203(30), 
2491(10), 2508(17), 2827(0.4), 3086(0.04), and 3350(0.02) 
kev. An analysis of the beta spectrum reveals five groups with 
the following end-point energies and intensities: 637 (42 per- 
cent), 959(31 percent), 1508(10 percent), 2529(9 percent), and 
3166(8 percent)kev. Coincidence measurements will be dis- 
cussed and a decay scheme proposed. 


L2. A New Zinc Isotope, Zn".* James B. CumminG, Brook- 
haven National Laboratory.—A 1.5+0.1 min period was ob- 
served in the gross decay curve of nickel bombarded with 
18-Mev alpha particles. This activity accompanied the 38 
min Zn® on separation of zinc from Ga, Cu, Ni, Co, Fe, and 
Mn by anion exchange. The decay curve of zinc separated in 
this manner showed a tail of Cu® in the amount expected if it 
were the daughter of the 1.5 min activity. The fact that the 
known 200 min Cu® grows from the new zinc activity was 
confirmed by periodic milkings. Additional support for the 
assignment of the 1.5 min activity to Zn" came from the 
observation of the increase in the ratio of the yield of Zn™ to 


that of Zn® when nickel enriched in Ni* replaced normal nickel 
as the target. A scintillation spectrometer study showed that 
Zn® decays predominantly by the emission of 4.9+0.5 Mev 
positrons to the ground state of Cu®. 


* Research performed under the auspices of the U. S. Atomic Energy 


Commission. 


L3. Dual Decay of the 50-Day In" Isomer.* J. N. Brazos 
AND R. M. Srerren, Purdue University.—It is well known 
that the decay of the 50-day In'* isomer to Cd"* is followed 
by several gamma rays of energies 0.556 Mev, 0.576 Mev, 
0.722 Mev, 1.30 Mev, and 1.27 Mev. The problem of the 
spins of the Cd" levels, however, as well as the question 
whether the Cd" levels are reached directly by electron cap- 
ture from the 50-day isomeric state or from the 72-sec ground 
state has not been satisfactorily answered. The polarization- 
directional correlation of the 0.722 Mev —0.556 Mev gamma 
cascade was measured and the result cannot be reconciled 
with the assumption of a mixed M1+E2 transition (0.722 
Mev) followed by an £2 transition (0.556 Mev) and the spin 
assignment 2, 2, 0, as proposed first by Klema and McGowan,! 
but rather indicates a 4—E2—2—E2—0 cascade.* The 
directional correlation of this cascade as measured with 
differential energy selection also favors the latter assignment. 
This spin sequence implies that the 0.722 Mev—0.556 Mev 
gamma cascade is reached predominantly by direct electron 
capture’ from the 50-day In’ isomer of spin 5. The latter 
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W. R. Dixon, Queen's University 
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been determined with nuclear emulsions. It is found that most 
of the neutrons can be accounted for by an evaporation process 
which appears to be governed by a constant nuclear tempera- 
ture. The temperature found for copper is 1.2 Mev and for 
lead is 1.0 Mev. The angular distributions of photoneutrons 
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from lead, tin, copper, iron, aluminum, carbon, and beryllium 
have been measured with a zinc-sulfide-Lucite scintillation 
detector. There are pronounced peaks at 90° in carbon and 
beryllium; the relative magnitude of this anisotropic compo- 
nent seems to decrease with increasing A. 


THURSDAY MorNING AT 9:30 


Mechanical Building 


(A. WEXLER presiding) 


Electron Conduction in Solids 


Invited Papers 


(M1 at the beginning, M2 after M4) 


M1. Optical Absorption by Conduction Electrons in Solids. T. Ho_srein, Westinghouse Research 


Laboratories. (25 min 


M2. Electron Transport Properties of Solids at Low Temperatures. D. K. C. MacDonatp, 


National Research Council (Canada). (25 min.) 


Contributed Papers 


M3. Infrared Absorption of Copper and Silver at 4.2°K. 
MANFRED A. Bionp!, Westinghouse Research Laboratories. 
In sufficiently pure metals at low temperatures, the classical 
mean free path of the conduction electrons becomes much 
than the skin depth of penetration of the electromag- 
field, and therefore the classical Drude-Lorentz theory 
of the metals. It has re- 
that two processes are of importance in 


larger 
netic 

no longer describes the absorptivity 
cently been shown!? 
determining the absorption of radiation under these conditions. 
In the first, an electron 


suffers diffuse reflection 


ibsorbs a photon and simultaneously 
the the 
In the second, an electron 


from surface of metal to 


serve momentum and energ\ 


absorbs a photon and generates a phonon to permit conserva- 
tion of moment In order to test these theories, 
and silver 


itures over the wavelength 


m and energy 
the 
samples at liquid heliu 


we have measured absorptivity ol copper 
m temper 
range 0.36—-3.4 yw. For radiation which does not cause interband 
transitions (A> 1 yw) it is found that the measured absorption is 
independent of wavelength, in agreement with theory. The 
measured values of the absorptivity, A =0.0049 for copper 
and 0.0044 for silver, 1 good agreement with the theo- 


ilues of 0.0049 and 0.0046, respectively. 


are if 
retical \ 
G. E. H. Reuter a 


; nd | 
A195, 33 (1948), and T. Holstein, P 
?T. Holstein, Phys. Rev. 96, 535 


H. Sondheimer 


Proc. Ro y Lon 
ys. Rev. 88, 1427 (1952 
1954). 


M4. Anomalous Skin Effect at Low Frequencies. M. P. 
GARFUNKEL AND L. J. VARNERIN, JR., Westinghouse Research 

ies.—Absorption of from alternating 
magnetic field in samples having high electrical 
conductivity has been measured at liquid helium tempera- 
tures. Spherical samples, suspended in poor thermal contact 
with a liquid heli surrounded by a coil which 
Id. On application of the alter- 


energy an 


metall 


im bath, were 
maintained the alternatir g he 
nating field the temperature rise of the sample permits deter- 
mination of this 
obtained as a function of 


210° cps. Th 
were such that the skin de pth was eq ial to the electron mean 


the absorption. I: way, absorptivity was 


in the range 10 cps to 


fr ne 
equem 
requ 


conductivities of s amples of copper and tin 
free path at about 1000 cps. Data obtained on copper and tin 
spheres are compared with predictions from the theory of the 


anomalous skin effect developed by Reuter and Sondheimer.’ 


An extrapolation of the measured absorptivity is consistent 
with the results of Chambers* at microwave frequencies. 

'G. E. H, Reuter and E 
336 (1948 

?R.G 


H. Sondheimer, Proc. Roy. Soc. (London) A195 


Chambers, Proc. Roy. Soc. (London) A215, 481 (1952) 

MS. Secondary Electron Emission from Magnesium Oxide 
Single Crystals.* Rosert G. Lye, University of Minnesota. 
A pulsed collector method has been used to measure 4, the 
secondary emission ratio, from stoichiometric and oxygen 
colored crystals of MgO, for primary electron energies between 
100 and 10 000 volts. Crystals cleaned in air and transferred 
to the measuring tube under optimum conditions exhibit 
maximum yields near 12.5 at 1000 volts, independently of the 
concentration of excess oxygen. Preliminary measurements 
from crystals cleaved in situ in the evaucated measuring tube 
indicate that greater vields may be obtained from surfaces 
free of absorbed gases. The results will be discussed in terms of 
current theories of secondary electron emission. 


* Supported by U. S. Army Signal Corps. 

M6. Secondary Electron Emission and Color Centers. A. | 
Dekker, University of Minnesota.*—Secondary electrons, 
produced in an insulator by bombardment with a beam of 
primary electrons, interact with phonons, color centers, and 
other types of lattice defects. The interaction with phonons 
gives rise to a temperature dependent secondary yield. The 
possible influence of color centers on the secondary yield will 
be discussed in the light of a theory of the escape mechanism 
suggested by the author. 
pported by U.S 


Sur 
A. J 


bd Army Signal Corps 
' Dekker, Phys. Rev. 94, 1179 (1954); Paysica 21, 29 (1955) 


M7. Photoelectric Emission from Metals into Magnesium 
Oxide.* W. T. Peria, University of Minnesota.—Measure- 
ments of the photoelectric emission from various metallic 
electrodes into MgO single crystals, and of the photoconduc- 
tive response of a MgO crystal containing excess Mg have been 
performed. The variation of yield with wavelength is in accord 
with the Fowler equation for metallic photoemission, over most 
of the measured range. Values of the depression of the metallic 
work functions due to the presence of the insulator have been 
obtained. For the case of the excess Mg crystal a compatible 
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value was obtained by assuming that the conduction electrons 
originated in small metallic Mg particles. 


* Supported by U.S. Army Signal Corps 


M8. Deterioration of Luminescent Phosphor under Positive 
lon Bombardment. J]. R. Younc, General Electric Research 
Laboratory.-The reduction of luminescence of ZnS:Ag 
phosphor has been observed after bombarding with H*, H;*, 
He*, Ne*, N;*, and A* ions having energies from 1 to 25 kev 
Deterioration was observed by exciting the phosphor by 
electrons. Detectable deterioration could be observed after a 
bombardment of less than 10~* coulomb/mm? of ions (5 10" 
The deterioration could 
be annealed out at 450°C-700°C. 
Results indicate that light 25-kev ions probably penetrate 
between 0.1 w and 0.2 uw into the phosphor 


ions/cm’) had struck the phosphor 


temperatures between 


M9. Optical Studies of Avalanche Breakdown in Silicon. 
K. G. McKay anpb A. G. Cuynowertn, Bell Telephone Labora- 
tories.—-We have established that the recently reported’ visible 
light from 
not necessarily associated 


| 


n-layer is diffused 


silicon m — p junctions is a true volume effect and is 
irlace A 2 


with the s thin (~2 
into p-ty pe silicon, 


microns yielding a 


geometry such that light produced anywhere in the junction 


n-laver without excessive attenuation and be 
Light en 


surface is vellowish-white and appears to 


can traverse the 
| 
] 


rsection of the 
} 


viewed direct uitted from the inte 


junction with the e 


" 
' nt 


substantia‘! i igreeme with that pre viously reported.' 


However, light emitted elsewhere has a spectrum shifted to 
the red. That this light is ge 
the fact that estimates of n-layer thickness obtained from the 


spectrum shift together w 


nerated in the volume is shown by 


th absorption data, agree roughly 
with the value by diffusion data. The light is emitted 
or less in diam- 


from fixed sour ch are usually a micron 


imber of light creases with increasing 
the theory of breakdown 
iseful for the study of 


effects of imperfections on 


eter. The sources 


junction current. The effect of this on 


will be considered. The technique is 


1 +} 


formity and ne 


junction umnil¢ 
breakdown 


Newman, Da 
1955 
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M10. Microplasmas in Silicon. D. J. Rose anp K. G. 
McKay, Bell Telephone Laboratories.—The appearance of 
light in reverse-biased silicon junctions indicates that there 
exist localized regions of high current density. These regions 
arise from an instability at breakdown which occurs at dis- 
crete points. The instability results from multiplication of both 
electrons and holes by ionization, and distortion of the electric 
field by mobile space charge. The high current density 
microplasma possesses many of the characteristics of the gas 
discharge cathode fall. Some microplasmas are intermittent ; 
the current in these can be measured, and is about 50 micro- 
amp. Qualitative calculations have been made, based on the 
measured ionization coefficient and current. They show that 
the microplasma should occupy a volume of the order of a few 
hundred angstroms diameter, and that the voltage drop across 
it should be about 5 volts. The total number of mobile carriers 
in the microplasma at any time is about 20-40. The intermit- 
tent nature may be explainable on the basis of a statistical 
fluctuation, wherein ali the carriers fail to ionize. 


M11. The Distribution of Electrons Scattered in Solids.* 
L. MARTON, J. AROL Stimpson, AND T. F. McCraw, National 
Bureau of Standards.—In an extension of the work previously 
reported on the energy and angular distribution of 20-kev 
electrons scattered in gold,' we have measured this distribution 
for several low Z elements. It is found that the fall-off of 
intensity with angle for aluminum is much faster than for the 
other elements measured. The intensity for aluminum changes 
by a factor of 10 000 in approximately 1.2 X 107 radian, while 
there is only a factor of 500 for gold, 200 for beryllium, and 
200 for carbon in the same angular range. An apparent anomaly 
exists in that the diffraction maxima for carbon and beryllium 
are centered on a characteristic energy loss rather than on the 
Carto- 


graphic presentations of these results will be shown, and these 


zero loss position as found for gold and aluminum 


points discussed further. 


supported by the Office of Na 
30, No. 1, 29 (1955 


* This work was al Research 


Bull. Am. Phys. Sa 


AT 2:00 


McLennan 135 


T. BIRGE presiding 


Invited Papers 
Nil. Some Recent Work on the Ultraviolet Spectra of Simple Molecules. A. E. DouGtas, National 


Research Council, Canada. (30 min 


N2. Optical Absorption and Reflectivity of Alkali Halides in the Far Ultraviolet. P. Hartman, 


Cornell Unwerstty. (30 min.) 


N3. Electronic Band Configuration of Mixed Linear Lattices. | 


30 min 


N4. Radio-Frequency Spectra of Nuclei in Crystals. G. M 


vn 


THURSDAY AFTERNOON 


KERNER, University of Buffalo 


Vo._korr, University of British Columbia 


AT 2:00 


McLennan 132 


J. S. Foster presiding 


Reactions of Transmutation 


Q1. Angular and Energy Distributions of Photoprotons from 
Dawson, 
Thin foils of aluminum, copper, rhodium, 


Aluminum, Copper, Rhodium, and Gold. W. K. 


Queen's University 


and gold were bombarded by the x-ray beam from the 70-Mev 
synchrotron. The resulting photoprotons were detected by 
means of 200-micron Ilford C; emulsions in a moving-plate 
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camera which enables energy distributions up to about 16 
Mev and angular distributions from 20 to 160 degrees with 
respect to the beam to be determined. The experimental energy 
distributions have been compared to evaporation theory with 
a nuclear temperature independent of excitation energy and/or 
a photoelectric E~??-formula. The observed energy distri- 
butions can be fitted with constant temperatures of 2.1, 1.3, 
and 1.0 Mev for aluminum, copper, and rhodium, respectively. 
The angular distribution of photoprotons of energies greater 
than 8 Mev from aluminum shows a pronounced forward 
asymmetry. The photoprotons from copper have an isotropic 
distribution. The angular distribution for rhodium peaks at 
approximately 80 degrees with respect to the x-ray beam. 


Q2. C'*(a,n) Reaction. R. B. Watton, R. L. Becker, J. D. 
CLEMENT, AND M. S. ZucKER, University of Wisconsin.*—The 
forward yield of the C"(a,n) reaction was measured for bom- 
barding energies between 1.6 and 3.8 Mev. Peaks in the for- 
ward yield were observed at a-particle energies of 2.25, 2.44, 
2.70, 2.78, 2.83, 3.09, 3.36, and 3.43 Mev. At the lowest and 
highest energies the reaction cross section is about one 
millibarn per steradian; at the resonances peak cross sections 
of about 40 millibarns per steradian are reached. Measure- 
ments of the yield at 90° with respect to the incident a particles 
showed the same maxima that were observed at 0° except that 
the 2.45-Mev maximum is shifted to 2.40 Mev and an addi- 
tional peak is resolved at 2.62 Mev 


* Work supported by the U. S. Atomic Energy Commission and the 


Wisconsin Alumni Research Foundation. 


Q3. Energy Levels in F'*. J. W. ButLer anp H. D. Hoim- 
GREN, Naval Research Laboratory.—A search for gamma- 
emitting levels in F” between 8.3 and 9.8 Mev of excitation 
energy has been made by bombarding a 0.005-mil NiO target 
(39 percent O'*)! with protons of energy 0.3 to 2.0 Mev. 
Resonances in the gamma-ray yield were observed with the aid 
of a 3 in. X 3 in. sodium iodide crystal and a 20-channel 
analyzer. Resonances were observed at 63042, 8494-3, 
1169+2, 139945, 1685+5, 176942, 193142 kev proton 
energy, with respective widths of 2.6, 40, <0.9, <15, <15, 
4.0, and 1.5 kev. The lower two levels are known a emitters 
and the upper two resonances were observed by Hudspeth 
et al at slightly different energies. The cascade schemes are 
complicated, leading to a fairly flat spectrum with a high 
energy cutoff approximately equal to the excitation energy. 
The 9.062-Mev level (1169-kev resonance) decay spectrum 
did, however, show a preference for decay via the 2.8-Mev 
state. The 9.062-Mev level is at about the right position to 
correspond with the 1.47-Mev level in O”, and therefore 
possibly these two levels are members of an isobaric spin 
quartet. The narrowness of the level is consistent with this 
hypothesis since a T=3/2 state in F"™ could not emit an 
alpha particle leaving N'* in the ground state. 

1 The enriched O"* was kindly supplied by Professor A. O. C. Nier 


? Hudspeth, Morgan, and Peoples, Bull. Am. Phys. Soc. 30, No. 3, 43 
1955 


Q4. Properties of Some Excited States In Mg™.¢ R. W. 
Krone, N. P. BAUMANN,” AND F. W. Prosser, Jr,* Univer- 
sity of Kansas those Mg*”* 
attainable by the proton bombardment of Na®™ has been con- 
tinued using the University of Kansas Van de Graaff generator. 


Investigation of states in 


The resonance curves for the various reactions yielding x-rays 
were obtained from E,=0.98 to 1.50 Mev using a method 
similar to that of Stelson and Preston.' In general the results 
agreed with theirs, with the exception that further prominent 


capture resonances were found at energies of 0.989, 1.022, 
1.176, 1.287, 1.321, and 1.400 Mev in addition to the one at 
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1.419 Mev. At most of these resonances where capture occurs, 
the de-excitation takes place predominantly by only one of the 
several possible cascades. At those resonances where this is 
true and where the initial transition is the highest in energy, 
the angular distribution of this radiation has been measured. 
The results will be discussed in terms of the possible spin 
and parity assignments of the states in Mg™**. 
t Supported in part by the National Science Foundation. 


* National Science Foundation Predoctoral Fellows. 
1 P. H. Stelson and W. M. Preston, Phys. Rev. 95, 975 (1954) 


Q5. Gamma Radiation from the Proton Bombardment of 
Mg™. G. A. Barruotomew, H. E. Gove, A. E. Lirwerianp, 
AND E. B. Paut, Chalk River Laboratories.—The study of the 
gamma rays from proton bombardment of Mg™ has been 
extended to the resonances at 0.418 and 2.40 Mev. Strong 
inelastic scattering at the 2.40-Mev resonance has been ob- 
served by means of the 1.38-Mev y ray resulting from the 
de-excitation of the residual nucleus. Absolute y-ray yields 
and angular distributions have been measured at these reso- 
nances. Further angular distribution measurements have been 
made at resonances previously reported.' As a result of the 
angular distribution work J-values of five more of the excited 
states of Al** can be assigned. The J-values and known parities* 
together with the excitation energy are as follows: 0.95 Mev, 
3/2+-; 2.70 Mev, 3/2+; 3.88 Mev, 5/24; 4.22 Mev, 3/2+; 
4.60 Mev, 5/2+. 


'E. B. Paul ef al., Bull. Am. Phys. Soc. 30, No. 3 (1955) 
2P,. M. Endt and J. C. Kluyver, Revs. Modern Phys. 26, 95 (1954). 


Q6. Gamma Rays from the Reaction Mg**(p,p’y). H. E. 
Gove, A. E. Lirwerianp, E. B. Paut, anp G. A. BARTHOLO- 
MEW, Chalk River Laboratories.—To complement the study! 
of Al** the reaction Mg**(p,p’y) was investigated for incident 
proton energies between 1.90 and 2.98 Mev. A separated 
target? of Mg** (96 percent) was used and the gamma rays from 
inelastic proton scattering were measured in a large Nal (TI) 
crystal. About 20 resonances in Al® were found and some or 
all of the following gamma rays were observed at each reso- 
nance; 0.40, 0.58, 1.61, 1.96, and 2.56 Mev. The 0.40-Mev 
gamma ray was observed to be in coincidence with some of the 
0.58-Mev, indicating that a level at 0.98 Mev in Mg* decays 
by a direct transition to the ground state and by a stop-over 
transition to a level at 0.58 Mev. The branching ratio of the 
0.40-Mev gamma ray to that of 0.98 Mev is 1.06. All the 
gamma rays observed with the exception of the 0.40 represent 
direct transitions to the ground state of Mg** and correspond 
to previously-known levels in this nucleus.* 

1A. E. Litherland ef al., Bull. Am 
companying abstract. 


* Obtained from A. E. R, E. Harwell 
+P. M. Endt and J. C. Kluyver, Revs. Modern Phys, 26, 95 (1954). 


Phys. Soc. 30, No, 3 (1955) and ac- 


Q7. Competition Between p,pn and p,2p Reactions on 
Ce.* A. A. Caretro, Jr., AND G. FrrepLanper, Brookhaven 
National Laboratory.—Cross sections for the production of 
Ce™ by p,pn and of La by p,2p reactions on Ce’ have been 
measured at 0.38 and 1.0 Bev. For a pure “knock on’’ mecha- 
nism the ratio of ¢¢,14:/¢1,141 should be approximately equal to 
the neutron to proton ratio in the target nucleus, which is 
1.45. If the reaction mechanism involves the evaporation of 
the second particle from a Ce'® compound nucleus, a larger 
value is expected for the ratio ¢¢,14:/0,,161. The following data 
were obtained: 


Energy Celt lsh = 
Bev mb mb Lei! 
0.38 87.3 7.7 1.53 
1.00 3146 174 1.40 


To determine the relative probabilities of neutron and proton 
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evaporation from a Ce’® compound nucleus, the excitation 
curves for the reactions and Ba"™*(a,p)La™ 
Jetween 25 Mev 
71,141 Varies between 3 and 4. It is 


ja™* (a n)Ce* 
were measured with 10-40 Mev a particles 
and 40 Mev the ratio ani. 
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AND R 


thus concluded that, at least at 0.38 Bev, the mechanism for 


p,pn and p,2p reactions is predominately “knock on. 


* Work performed uncer the « ) ft Atomi 


mission 


Energy Com- 


Post-Deadline Papers, If Any 


THURSDAY 


AFTERNOON AT 1:30 


Mechanical Building 


G. A. WoonTon presiding 


Electron Emission and Ejection Phenomena 


Invited Papers 


R1 at beginnin 


g, R2 after R9 


Ri. Studies of the Thermionic Emission from Single-Crystal Tungsten. A. R. Hutson, M.J.7 


“R2. The Influence of an El 


KrusemMever, Bell Telephon 


LAl siorue é 


ectric Field on the Work Function of an Oxide-Coated Cathode. H. ] 


Contributed Papers 


R3. Temperature Scale for Molybdenum.* G. J. BaLowin 
L. Surcts. anp E. A. Coomes. University of Notre Dame 
tal determin ( of the 


nade 


\ new experimer temperature scale 


for molybdenum has beet irpose of this work was 
to provide 1 ace rate temperat if electror 


} 
the conflict ir 


spectral emi 


1 have I 
A thin- 
for the 


these results 


earch and to evaluate 
uublished on the 
1 molybdenum cy 


wallec linder was used as ; 


} 
measurement of spectral emussivities 


checked on 


wires at 


were 


low temperature with a reflectometer 


sivities were obtained from current 


Resistivities and total emis 
1 
I 


wumber of wires having 


deter 


irements on a 
10 mils 
] 


mined with an optical pyrometer constructed specifically for 


and mea 


i, 


potentia 


ameters of the order of Temperatures were 


ibrated at the B treau of Standards 
1000 to 2400°K are pre 


orm, with extrapolation to the 


work with fine wire 
Results for the temperature range 
sented in g ] | 


] 


to « orrespond 


spor ed by the U.S. Na 
s. Rev. 48, 458 (1935 
s, Rev. 28. 190 (1926 


R4. Cause and Elimination of Anomalous Flicker Effect.* 
W. W. Linnemann, Electrical Engineering 
l'maversily ta cuum tft 
lar mount of 1 above the ordinary shot 

limited region. This 
10 cps and 100 


1+)? r*). Experiments to 
i 


Department 


Vinne with tungste 


ibes 


filaments show 


effect when oper lin the | 


ef ce charye 
' Da 


x 


noiwe appears tr q cy range betweer 


ke and has a Spex of thet pe C 
determine the ex f ir suse, and method for elit 


this type of ussed 


® Work support , t rmy Signal 

RS. Energy Spectra of Secondary Electrons from Mo and W 
for Low Primary Energies. G. A. Harrower, Bell T+ 
[ iced by H. D. Hagstrum).—-Measure- 
ments have been made of the energy spectra of secondary 
electrons from molybdenum and tungsten, using primary 


ephone 


thoratorses (introd 


energies Vp, from 0 to 100 volts 


was 


\ 127° electrostatic analy zer 


ised having a resolution of one percent. Primary electrons 


were decelerated to the required energy while approaching the 
rhe target v cleaned before each measurement by 
Measurement of the 
ymple ted before formation of the 


For 


observed energy spectra, each coi 


target 


} 


eating above 2000°K for one second 


energy spectrum co ld be « 


first monolayer of contamination on the target surface 


maximum became 
ipward 1 
ipproximatel 
flected primaries 


im and tungste 


Similar but not id 

che ! 

with the hypothesis 

pr Iimary to seco 

target as primary energy is decreased 
R6. Transition between Field and Thermionic Emission. E. 
MURPHY H. Goon, JR., State L'niver- 

suly Thermionic and well 
lerstood. However various have 

been studied separately by first specifying the range 


Pennsylvania 
from 
types ol 


AND R 
field emission metals are 


the 


emission 


eld and then constructing the appropriate 


rent. In the investigations described here, 
was studied to establish ranges of temperature 
A general expression 
] 


urrent on heid and 


the two types of emission 
of emitted « 
ween found. Each type 
in approximation method and with a resu 
the parameters, ¢, F, kT. (¢ is work functior 
Hartree units are 


tor depe cence 
} 


temperature 
has of emission i associated with 
lting dependence on 
; F applied field ; 
for sub- 
stances with high work functions, are: The thermionic region, 

which the logarithm of the current, Inj, varies primarily 
(¢—F!)/kT, applies roughly when F'/kT<x/2. The 
feld emission region, in which Inj varies primarily like 

2(2¢)!/3F, applies roughly when F/¢*k7T>6. Calculations 


used.) Our preliminary results, 


ey 
ike 
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indicate an intermediate region, in which Inj varies primarily 
like —(¢/kT)+(F*/24k7*), which applies roughly when 
FU/skT>x and F/gtkT <3. 


R7. Velocity Distribution in Field Ion Emission. Erwin W. 
MCLLER AND KaNwar Banapur, The Pennsylvania State 
U'niversity.—Emission of positive ions in an extremely strong 
electric field can occur by field desorption of absorbed matter,’ 
by field evaporation at room temperature of the emitting 
metal itself, and by field ionization of impinging gas molecules. 
In the latter case which is being used in the field ion micro- 
scope,? the currents are measured in a retarding potential tube 
Velocity distribution curves as obtained for the rare gases and 
some molecular gases indicate that the ions originate in a 
distance of at least 6 to 8 A above the surface, where the 
ground state of the neutral particle is above the Fermi level 
inside the metal. In the lower field range where the ionization 
probability of the approaching molecules is small, the majority 
of the ions is produced in the same ionization zone after the 


molecules have bounced back from the metal surface 


E. W 


Miiller, Naturwiss. 29, 533 (1941; 
2E. W 7 


Miller, Z. Physik 131, 136 (1951 


R8. Field Emission Observations of Phase Transformations 
in Titanium. E. G. Brock, General Electric Research Labora 
ry.—Time-lapse movies of field emission microscope patterns 
titanium single crystals undergoing phase transforma- 

tions have been made. The transforming crystals'‘obey the 
orientation relation 
The crystals transform over a range of temperatures 
It appears possible to 


unique between the two phases found 
earlier 
rather than at a single temperature 
super cool the high-temperature phase and superheat the low 
temperature phase in any given crystal. Frequently, a pattern 
which shows part hexagonal-close-packed, part body-centered 
cubk be stabilized. Both applied field and 


temperature treatment affect the rate of transformation 


symmetry can 


E. G. Brock and J. E. Taylor, Bull. Am. Phys. Soc. 30, N 


1955 


R9. Thermionic Properties of Thorium on Tungsten Single 
Crystals.* J. E. Daveyt anp E. A. Coomes, 
Votre Dame.—The effects of adsorption, migration, 
evaporation of thin films of thorium on 5-mil single crystal 
ig been studied by 
measurements. Cylindrical projection tube patterns show that 
1600°K, 
and migration proceeds mostly 
1700°K and above, thor 

ingol } f 


t 31 e crvstal faces: these faces 


University of 


and 


tungsten wire have thermionic emission 


below thorium is strongly adsorbed at grain bound- 
iries, ilong grain boundaries 
At m migrates from grain boundaries 
) exhibit pret rential ad- 
Nichols-Smith 


: thorium or 


orpt niss ] ments I i type 


tube shov tungsten to 


have maxima of emissi 1d (221) directions and 


minima in the (114) rections. Evaporation 
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data indicate that stable emission patterns, with these maxima 
and minima, may be attained at temperatures as high as 
2000°K. When the thorium is flashed off, the (114) and (111) 
directions become maxima, while the (112), (221), and (110) 
are minima; this agrees with the pattern for clean tungsten 
obtained by Nichols and Smith.! 

* Supported by the U. S. Navy Bureau of Ships. 


t Now at the Naval Research Laboratory 
1G. F. Smith, Phys. Rev. 04, 295 (1954). 


R10. Reaction between BaO and C. Micnare. Hocn, The 
Ohio State University.—The heat of formation of BaC; was 
determined by measuring the Ba pressure above BaCz, using 
the Knudsen effusion method. The heat of formation of 
BaC; is AHs° = 10.2+0.3 kcal/mole. The partial pressure of 
Ba was measured above [BaO0+BaC,] solutions of various 
composition, and the CO pressure measured above mixtures 
of BaO+C containing various amounts of BaC,. From these 
data the activity of Ba in dilute [BaO — BaC,] solutions could 
be obtained 


Rll. Activation Diffusion and Thermionic Emission in 
Oxide Coated Cathodes. R. W. Pererson, University of 
Vinnesota.*—It has been found that Sr evolution rates from 
oxide coated cathodes can serve as a measure of coating 
reduction rate. Measurements of Sr evolution and thermioni 
emission from oxide cathodes on nickels with a single impurity 
(aluminum) will be presented. An explanation of these results 


in terms of diffusion theory will be given. 


* Supported by the U. S. Navy Bureau of Ships 

R12. Determination of Instantaneous Ba and BaO Evapora- 
tion Rates from Thermionic Cathodes.* W. C. RurTLence, 
Philips Laboratories.—In a recent investigationf of the 
mechanism of operation of Philips dispenser cathodes, the 
evaporation products were identified as barium and barium 
oxide, and their evaporation rates were determined as a 
function of cathode aging time and temperature. The proce- 
dure for determining evaporation rates is based upon the 
well-known method of exposing a clean tungsten wire to a 
stream of pure barium and noting the time required to reach 
optimum emission. A similar optimum in the emission-time 


curve ts obser 


ved for a stream consisting of a mixture of barium 


and barium oxide. Chemical calibration of the wire as a de 


tector of total barium indicates nearly the same sensitivity for 


the mixture as for pure barium. By exposing the detector to 
the evaporant until optimum emission is reached, aging the 
wire at a temperature sufficiently high to selectively remove 
free barium, and re-exposing the wire at the original tempera- 
ture to the evaporant until optimum emission is again attained, 
the fraction of barium oxide in the mixture may be determined 


* Work s rted by U. S. Bureau 


pI # Ships contract 
? Rittner, Rutledge, and Ahlert (to be published 


THURSDAY EVENING AT 7:00 


King Edward Hotel 


R. T. BrrGe presiding 


Banquet of the American Physical Society 





SESSION § 


FRIDAY MORNING AT 9:30 
McLennan 132 


(P. DEMERS presiding) 


General Nuclear Physics 


Sl. (Abstract withdrawn.) 


$2. Elastic Scattering of Alpha Particles from Al and Cu.* 

E. Breviter anp D. J. Tenpam, Purdue University.—The 
f 19-Mev alpha particles by Al and Cu has 
n the range from 14° to 144 rhe scattered 

particles were detected with a thin Nal crystal and recorded 


elastic scatter yf 


been measure 


a twenty-channel analyzer. The proton background was 


ybtained by differential absorption and subtracted. The ratio 


of the observed to the Rutherford cross section drops sharply 
for Al and fluctuates about 

urver than 25°. Maxima are observed at 27.5°, 43 
and 118°, the peak-to-v illey ratios t r » 3. For Cu, the 


ms-section rat 


140°. Maxin 


' 
for angles 


, 64 


a mean value of 0.2 


i 1 at to about 0.02 at 

at 60°, 80°, 116°, and about 142°. They 

ably shallower than in the case of Al. Postulating 

ce of 2kR sin(¢/2) for neighboring maxima ts 

equal to r, one R(Al) = 5.3,10-" cm, and R(Cu) 
= 6.6,10°" cm, compatible with R= (1.4+1.3 A!)10-" cm 


‘ lrops trom unity 


la appear 


ire CO ler 


that the differ 


obtains 


* Supported by the U. S. Atomic Energy Commission 

$3. Consistency of Nuclear Radius Determinations from 
Elastic Scattering of Alphas.* D. D. Keriee, J. S. Barr, AnD 
G. W. Farweti, University of Washington.—The focused 
external beam of the University of Washington 60-in 
extend the earlier 
elastic 


anal 
cyvytcio 


tro has beer ied to measurements 


of cross section vs energy for scattering of alpha 


iclei.! Observations have been made 
Angles studied include 41.6, 60, and 90 degrees 
from 14 to 44 Mev 


have the 


particles by hea 
Ag, Pt and | 
All cross section vs energy 
alread, 


features as those 


from the one-quarter 


same general 


Nuclear radii determined | 
rion of the semiclassical strong absorption model? 


differ very little for various angles of observation ; for example 
at 90 and 41.6 degrees differ by 1 percent, and 
Although 


the differences are within the limits of experimental error, it 
ant that angles less than 90 degrees give slightly 


results for Pb 


those for U at 90 and 60 degrees differ by 2 percent 


may be sig 


smaller one-quarter point radii, as predicted by the semi 
classical strong absorption computations 


s supported in part by the U. S. Atomic Energy 


land H. E. Wegner, Phys. Rev. 95, 1212 (1954 
I 


ys. Rew. 9S, 1218 (1954 


S4. The Quenching of the Long Lifetime Component of 
Positron Annihilation in Benzene.* S. Berko anp A. J 


ZUCHELLI, University of Virginia.—The nature of the anoma- 
lous lifetime of positron annihilation in solids and liquids is 
perplexing.“? Pond’ has found a change in the two-photon 
annihilation rate in benzene by introducing an organic free 
radical. We have measured directly the lifetime of positron in 
benzene as a function of the concentration of the stable free 
radical diphenyl picryl hydrazyl (DPH), using a Bell and 
Graham type fast coincidence circuit. The half-life of the rz 
component in pure benzene is (1.89+0.06) X10~* sec, and 
quenches to 1.5X10~ sec with 0.1 percent, 1.2410~ sec 
with 0.3 percent, 0.85X10~* sec with 0.5 percent DPH. The 
complete 7; vs DPH concentration curve will be presented. 
The quenching cross section as computed from this curve will 
be discussed in the light of the triplet-singlet conversion theory 
via electron exchange vs the assumption of the formation of 
2S positronium state.? Preliminary results of a quenching 
experiment via a strong external magnetic field will also be 
presented. 
* Supported by the Office of Ordnance Research 
R. E. Bell and R. L Graham, Phys. Rev. 90, 644 (1953). 


?W. R. Dixon and L. E. H. Trainer, Phys. Rev. 97, 733 (1955). 
*T. A. Pond, Phys. Rev. 93, 478 (1954). 

S5. Nuclear Magnetic Resonance Spectrum of Al in Eu- 
clase.t R. G. Eapes,* University of British Columbia (intro- 
duced by Dr. G. M. Volkoff).—The nuclear magnetic resonance 
spectrum of Al*’ perturbed by electric quadrupole interaction 
with its surroundings in a single crystal of HBeAISiOs (euclase) 
was studied in a magnetic field of 7000 gauss. The Al?’ nuclei 
are found to occupy two kinds of sites which differ from each 
other only in the orientation of the principal axes of the electric 
field gradient tensors whose eigenvalues are all distinct, but 
identical at the two sites. The absolute value of the quadrupole 
coupling constant for both groups of Al?’ nuclei is found to be 

eQ¢es/h| =5173+10 ke, and the axial asymmetry parameter 
at both sites is 7=(¢r2— ¢yy)/ G22 = 0.698 20.009. The two 
sets of principal axes are reflections of each other in the (010) 
plane which is consistent with x-ray data for euclase. 

+t Work supported by grant from National Research Council of Canada 

* Holder of N. R. C. Post-Doctorate Fellowship at University of British 

mbia. Now at the University College of North Wales, Bangor, Great 


S6. Direct Polarization of In'* Nuclei; J-Value for the 
1.458 ev Resonance. J]. W. T. Dasss, L. D. Roperts, AND 
S. Bernstern, Oak Ridge National Laboratory.—Indium 

iclei have been polarized by the direct application of an 
external magnetic field at a very low temperature. Twenty 
thin plates of In metal were thermally attached to a para- 
magnetic salt (Fe(NH,)(SO,)2-12H,O) which was cooled by 
adiabatic etization from 0.99°K and 16400 gauss 
After demagnetization, the cooling salt was kept in essentially 
zero field while 11 150 gauss was slowly applied to the nuclear 
sample some 12 cm away. The polarization thus produced was 
measured by determining the change in transmission of the 
In for polarized 0.075-ev neutrons when the relative spin 
orientation of the was reversed. The 
maximum change observed was 7.0+-0.9 percent, correspond- 
ing to an indium temperature of 0.043+0.005°K, and a nuclear 
polarization of 2.1 percent. In contrast, at 4.2°K with all 
other conditions the same, a change of 0.03540.52 percent 
was observed. At this temperature, an effect of 0.07 percent 
is predicted theoretically. The direction of the observed change 


demagt 


neutrons and nuclei 
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establishes the angular momentum of the compound nucleus 
for the level corresponding to the 1.458-ev resonance in 
In“4 as J=J+4=5, in disagreement with Brockhouse.' 


' B. N. Brockhouse, Can. J. Phys. 31, 432 (1953). 


S7. Quadrupole Resonances in Multichlorobenzenes. P. J. 
Bray,*Rensselaer Polytechnic Institute, AND R. G. BARNES,t 
University of Delaware.—Chlorine-35 pure quadrupole reso- 
nances have been measured in 1,3,5-trichlorobenzene, 1,2,3- 
trichlorobenzene, 1,2,3,4-tetrachlorobenzene, and pentachloro- 
benzene. With this and previously published data,'? a plot 
has been made of frequency versus number of chlorine atoms 
on the benzene ring. This type of plot, first given by Monfils 
and Duchesne,’ is now complete except for 1,2,3,5-tetra- 
chlorobenzene. There are three distinctly different series of 
frequencies arising from: nuclei seeing other chlorines only in 
meta and para positions; nuclei seeing one of their chlorine 
neighbors in the ertho position; nuclei seeing two chlorines in 
ortho positions. Variation in numbers of meta and para neigh- 
bors causes some scatter about the lines through the latter two 
series. The effect of the asymmetry parameter variation with 
type of neighbor (not discussed by Monfils and Duchesne) 
will be illustrated with para- and ortho-diiodobenzene. Cor- 
rections to computed! out-of-plane bending angles of the CCI 
bonds will be given 

* Research supported by a grant from the National Science Foundation 

t Research supported by the Office of Ordnance Research and the 
Research Corporation 


1A. Monfils and J. Duchesne, J. ( 


: hem. Phys. 22, 1275 
8P. J. Bray, J. Chem. Phys. 23, 220 


1955 


1954 


$8. Evolution of Elemental Abundances Resulting from 
Neutron Capture in Stars. A. G. W. Cameron, Chalk River 
Laboratories.—Following exhaustion of hydrogen in a stellar 
core, contraction leads to temperatures at which helium ther- 
monuclear reactions take place, including the C"(a,n)O** 
reaction.' The neutrons are thermalized to about 10 kev and 
captured by their surroundings. The differential equations 
describing the resulting evolution of the nuclear abundances 
have been numerically integrated under the simplification in 
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which substantial ranges of mass number were treated as 
groups. The abundances of elements heavier than iron rapidly 
increase by large factors, after which they are relatively 
insensitive to the number of neutrons injected into the cosmic 
mixture. The factors range from about 100 in the neighbor- 
hood of mass 75 to about 10000 in the rare earth region. 
Anomalously large abundances of heavy elements in certain 
stellar spectra can thus be attributed to a small admixture 
(2 to 10 percent) of neutron-evolved core material into the 
surface layers. The amount of C™ remaining from the carbon 
cycle is insufficient to produce the necessary number of neu- 
trons. It is probable that the mechanism which brings core 
material to the surface also produces additional C¥ by mixing 
some envelope hydrogen into the core where it can react with 
the products of helium thermonuclear reactions. 


1A. G. W. Cameron, Astrophys. J., 121, 144 (1955). 


S9. Electron Mass as the Natural Unit of Mass for Nuclei 
and Elementary Particles. ENos E. Witmer, University of 
Pennsylvania.—The mass of any nucleus in any state may be 
represented by Mm, where m is the rest mass of the electron. 
Any nuclear excitation energy or reaction energy may be repre- 
sented in the same way, using the equivalence of mass and 
energy. Many M-values appear to be astoundingly close to 
integers and the writer' has surmised that M for nuclei and 
elementary particles is always an integral multiple of 1/256 
(except perhaps when the nucleus is in a very highly excited 
state). New tables make possible a better test of these ideas. 
From the tables of Ajzenberg and Lauritsen* the number of 
M-values that are integers to within +0.025 is about twice 
that expected by chance. Half-integers are superabundant 
also. Drummond's* table of atomic masses appears to be the 
best far. Taking m=0.000548770864 a.m.u. out of 62 
accurate M-values there are 6 that are integers to within 
+0.0066. Correction was made for the binding energy of the 
The probability of this happening by chance is 


sO 


electrons 
small 
1954); 95, 610 


Modern Phys 
(1955). 


(1954 
27, 77 


E. f 
*F. Ajzenberg and T 
+ J. E. Drummond, Phys 


Witmer, Phys. Rev. 95, 667 
Lauritsen, Revs 
Rev. 97, 1004 


(1955). 
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Tl. Electron Capture by Positrons in Gases. J. Davin 
Jackson, McGill University.—Impulse approximation cal- 
culations have been made of electron capture by protons and 
positrons in gases. Previous work for protons and positrons in 
hydrogen has shown that the impulse approximation gives 
reasonable values for relative probabilities of capture into 
various final states but overestimates the absolute cross section 
by a factor between 5 and 10. The present results for protons 
in air confirm this behaviour, the computed cross section having 
roughly the correct energy dependence but being a factor of 
from 8 to 10 larger than experiment. Nevertheless, it is believed 
that for high velocities reasonable estimates for electron cap- 
ture by positrons can be obtained by multiplying the ratio of 
the cross-sections computed in the impulse approximation for 
positrons and for protons of the same velocity by the observed 
cross section for protons. For positrons in air the values (in 


units of 10~'’ cm*) so obtained are: 


60 
38 
0.48 
0.20 


8.0 
2.2 
0.29 
0.10 


0 2.5 
4 10.0 
37 0.77 
12 031 


3.0 
93 
0.86 
0.38 


40 
7A 
0.78 
0.35 


10.0 
13 
0.18 
0.06 


v/te)* 2 
Cis 9 
ou ) 
or» J 


Results for positrons in other gases will be presented 


T2. A Quantum Mechanical Calculation on the Stopping 
Cross Section of Hydrogen Atoms for Protons. A. DALGARNO, 
The Queen's University of Belfast ann G. W. Grirrine, 
Geophysics Research Directorate.—Considerable theoretical 
work has been done on the problem of the stopping of heavy 
positively charged particles passing through matter when the 
particle energy is sufficiently high so that capture is not an 
important process.' Little quantitative information from a 
theoretical point of view is available for the lower energies 
nor has the relative importance of the different modes by 





ESSION 


70 to 80 


1.68 +0.42 
4.7421.2 


a Naval Research and the 


Medd. 28, No 
ys. Rev. 97, 1191 
95, 767 (1954 


ommunicatior 


T6. On the Theory of Radiative Beta Decay and Electron 
Capture. F. G. Hess anp W. Orecnowski, The University of 
British Columbia.—Explicit expressions for the probability 
f some of these effects have been obtained in various approxt- 

\n arbitrary mixture of the five Fermi interactions 
Core Potent ials.* |. SHAPIR . ; SD sumed, but the calculations are restricted to allowed 
' 1e ransitions. The best approximation considered corresponds to 


92 
T3. Calculations on Charge mudepenennes with  Roguieere 


contribution of intermediate states with semi- 
oulomb wave functions. For the case of the 
K-~< airy this approximation is probably equiv- 
ised by Glauber and Martin.' Perhaps the most 
though of net much practical importance) 

radiative electron capture and that of 

a quite different dependence of these 

teraction constants: when the 

ion constal are respec tively equal 

interaction constants, the probability 

its minimt value (in fact, it 

gards the contribution of the pseudo- 


» that of the r effect may be far 


T'4. Deuteron Model Calculation of the High- “aries I Nuclear 
Photoeffect." K. G. Deprick,t i [he T7. “Normalized” 3 Interactions. 
th ted University.—Linear combinati 
lAP are considered as basis vector r representations 
f the three-object permutation group P Osten ynality of the 
vectors implies certain relative magnitudes for the in- 
that the basis vectors can be “‘normalized."’ In 
otatio they are 2), 2;, (S—A P 
V, with respective normalizing factors 
alized combination yields 
stre igth « the coupling 


reve rsal’ 


T8. The Coupling Constants of the Beta-Decay Interaction 

and the mocay of Rb”. M. A. Preston, Mc Master Universit; 

shape f the t f rum of Rb*’ has 

assumption lepton-nucleon 

mixture. Although irate numerical 

not be fou in this way, it ts 

idence that the 

of the ratio is 
ymnstants 


TS. Cascade Transitions between Rotational Levels in Odd ‘ : 
vi T9. Analysis of Triple Angular Correlations in Nuclear 


Nuclei.” H MARK AND GEO! ISS! ] 
A Nuclei.” fH - : Bombardment Experiments. \. J. Fercuson anp A. E 


| “vera 9 < ( 
LITHERLANI \ tr iple angular 


correlatio terms of associated Legendre 
t ric functions of the polar angles of 
d the colatitude of the third radiation, 


ing taken in the direction of the incoming 
ched card machines and the formulation 
ot Sharp et ai the ce -nts for this expansion have been 


calculated for the case of an incoming particle followed by two 


Don \ 


ve fics 


agree 


f this type 
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gamma rays for ranges of quantum numbers sufficient to 
interpret many experiments. The theoretical results for partic- 
ular experimental arrangements, e.g., when one counter is 
fixed and the other is moved in a plane, are easily obtained 
from the coefficients. Some of the coefficients are determined 
by the correlation of the incoming particle with the first 
gamma ray, the second being unobserved, and also with the 
second gamma ray, the first being unobserved. Generally there 
are other coefficients not determined by these simple experi- 
ments which require a triple correlation experiment. In such 
cases additional information is available which may be 
necessary to determine such quantities as spins and multipole 
mixtures. 


1 Atomic Energy of Canada Limited Report CRT-SS6 (unpublished) 


T10. The Possibility of a Nuclear Change of Phase. L. E. H. 
TRAINOR AND W. R. D1xon,* Queen's University.—-Lang and 


1655 


LeCouteur' have shown that the nuclear model of a degenerate 
Fermi gas, whose greatest merit is simplicity, yields a level 
density formula which may be considered satisfactory for 
nuclear excitations above 10 Mev. Livesey* has recently sug- 
gested that considerable experimental data are consistent with 
the hypothesis that the nuclear temperature is effectively 
constant below 10 Mev. Despite obvious limitations to such 
considerations, it appears fruitful to extend the usual thermo- 
dynamical description to interpret Livesey's observation as 
indicative of a first-order nuclear phase change in which the 
energy, entropy, and volume are altered with little or no 
change in temperature and pressure. This interpretation 
appears to be consistent with some other points of view re- 


garding nuclear structure. Its validity and consequences are 


under investigation 


* Now at National Research Council of Canada. 
' Lang and LeCouteur, Proc. Phys. Soc. (London) A67, 586 (1954) 
?D. L. Livesey, Can Phys. (to be published) 
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U1. Pressure Dependence of the Resistivity, Hall Constant, 
and Energy Gap for InAs* (Author unknown rhe effect of 
pressure on the resistivity of intrinsic n-type InAs has been 
measured in the range from 1 to 2000 atmospheres. The re- 
sistivity and the Hall constant increase exponentially with 
increasing pressure. Measurements of the resistivity and Hall 
effect indicate an increase of 20 and 8 percent respectively for 
a change in pressure of 2000 atmospheres. If it is assumed the 
increase in resistivity is produced by an increase in the energy 
gap our shift of 10.5 (10)-* ev 
atmosphere. The increase in Hall constant represents a shift of 
about 4(10)~* ev/atmosphere 


measurements indicate a 


" 


* Work supported by the Office of Ordnance Research 


U2. Surface Levels, Their Influence on the Field Effect and 
1/f Noise. S. R. Morrison, Products Inc 
We have studied at low temperatures the properties of the long 
time constant levels on the germanium surface using the de field 


Sylvania Electru 


effect, illumination, and heating to stimulate transitions be- 
tween these levels and the bulk germanium. It is shown that 
the decay of an excess surface conductance arising as these 
levels are depopulated can be described by the relation 


1—expSAc =A exp(—y), 


where 8 and y depend on the properties of the material and on 
temperature, A depends on the initial condition. This relation 
is derived on the basis of a potential barrier (surface barrier) 
which restricts electron transfer. The important property of 
this barrier is that a small change in the charge on the levels 
produces a proportional small change in the height of the 
barrier. This would be expected for agglomerates, lines (edge 
dislocations) or planes (surface) of levels. The analysis of this 
type of level shows agreement with the logf dependance ob- 
served by Kingston for the ac field effect. The role of this 
trap type in 1/f noise will be discussed. 


U3. Elasto-Galvanomagnetic Effect in Germanium. Ropert 
W. Keyes, Westinghouse Research Laboratories The work of 
Smith! and Herring* has shown that the transport properties 
of an elastically strained semiconductor are sensitive to details 
of the energy band structure and scattering processes not re- 


vealed by study of the ordinary transport properties. A macro- 
scopic theory shows that in a cubic crystal four coefficients 
are required to describe the terms in the conductivity tensor 
which are linear in both the magnetic field and the strain. A 
detailed theory shows that only one of these, a shear coefficient 
is large in a semiconductor with energy minima in the (111) 
directions in k Measurements of the Hall effect in 
elastically strained N-type germanium are in accord with this 
ind show that the contribution of 
scattering to the 25°C. Since 
inter-valley scattering should be appreciably changed by the 
conclude that it is only 
scattering at the temperatures in question 


C_ S. Smith, Phys. Rev. 04, 42 
*C. Herring, Bell System Tech. J] 


s§pac e 


model of the energy surface 
inter-valley effects is small at 


strain, we a small part of the total 
1954 
34, 237 (1955 

U4. Galvanomagnetic Theory of N-Germanium and Silicon 
in the Saturation Limit.* Louis Go_p anp Laura M. Rorn, 
Lincoln Laboratory.—A found 
effective for dealing with the galvanomagnetic properties of 
the 8—[111] and 6—[100] ellipsoidal models of the energy 
surfaces ; the treatment is based upon the simplifying assump- 
luctivity 
the phenomenological 


tensor formalism has been 


tion of energy independent scattering time r. Con 
tensors are obtained starting with 
equations of motion. Contributions from the multifold energy 
surfaces are combined after a suitable spatial transformation 
which refers these the crystal 
axes—to yield the over-all conductivity tensor. However, for 
the magnetoresistance Ap/p and the Hall coefficient the inverse 
tensor is required and here the analysis becomes encumbered 
with detail. The problem is considerably more 
amenable in the saturation limit, i.e., high magnetic fields, or 
more generally wr>1 where we define w=qB/m*-3K/2K +1. 
* 


m* is the average effective mobility mass and K >1 the axial 


to a common axial system 


algebraic 


ratio of mass tensor components related to the ellipsoidal 
energy surfaces. Explicit expressions for Ap/p have been de- 
rived for a number of orientations of the current density and 
magnetic field and an evaluation in terms of extant theory and 
experiment has been made 

* The research reported in this document was supported jointly by the 
Army, the Navy, and the Air Force, under contract with Massachusetts 
Institute of Technology. 
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US. Galvanomagnetic Theory of Holes in Germanium and 
Silicon.* J. G. Mavroiwpes anp Benjamin Lax, Lincoln 
Laboratory.—Using the results of the Boltzmann transport 
theory for weak magnetic fields' and assuming warped 
spherical energy surfaces in k space, expressions for the con- 
ductivity, Hall constant, and magnetoresistance have been 
obtained. The method involves a series expansion in which 
only a finite number terms are required to evaluate the density 
of states, conductivity, Hall constant and magnetoresistance 
The scheme is applicable for any energy dependence of the 
relaxation time. Results have been obtained assuming that the 
relaxation time r=/&~*, where | is a temperature dependent 
coefficient, & is the energy, and p is a suitable parameter which 
takes on values depending on the type of scattering. Using 
cyclotron resonance data the results are applied to the inter- 
pretation of directional magnetoresistance effects in ger- 
manium? and silicon. The expansion method is being extended 
to the limit of high fields where the Boltzmann transport 
equatior has been solved as a series expansion in 1/H. 


document was supported jointly by the 
wee under contract with Massachusetts 
Rev. 95, 31 

Rev. 83, 768 
ysica 20, No 


1954 
1951) 


11, 975 (1954 


U6. Nature of the Water Vapor Induced Excess Current on 
Germanium P —N Junctions. Epwarp N. CLARKE, Sylvania 
Electric Products Inc.—-Studies have been made to determine 

c or electronic) of water vapor induced excess 

grown germanium P — N junctions by examining 

se current-voltage characteristic over the range 0.01 

s. It ippears that the nature of the current depends 

und upon the surface treatment prior to the 
irement a fresh, well etched 
are smaller and have voltage relationships suggesting 


the nat (lor 


' 
oltage 


The excess currents on 


that sometimes the current is ionic and sometimes electronic. 


Less well-etched surfaces show larger excess currents which 
may be ionic at low voltages, becoming electronic at higher 
voltages (greater than 0.1 to 1.0 volt). The higher voltage 
currents rise more rapidly with increasing voltage than pre- 
dicted by “channel” theory.' This more rapid increase with 
ncreasing voltage can be made even greater by mechanically 
disturbing some of the surface near the junction on the p-type 
ide (reverse current in vacuum not greatly altered). The 
effects observed may result from the presence of dislocations 
in the disturbed region. The presence of dislocations near a 
surface may help to explain the lack of complete agreement 
between observed “channels” and ‘“‘channel” theory at higher 


voltages. 


A. L. McWhorter and R. H. Kingston, Proc. Inst. Radio Engrs. 42, 


1376 (1054 


U7. New Intrinsic Recombination Radiation from German- 
ium. J. R. Haynes, Bell Telephone Laboratories, Ini 
Intrinsic radiation from germanium due to recombination of 
injected holes and electrons has been reported by Haynes and 
Briggs' and by Newman.’ The results of these investigations 
show that this radiation from relatively thick specimens has 
a single maximum which occurs at a wavelength of about 1.8m. 
Recent results obtained using radiation from very thin ger- 
manium sections (in order to reduce optical absorption) show 
that additional radiation is produced by a different recom- 
bination mechanism resulting in a second maximum at 1.5y. 
This result is in accord with the optical absorption data of 
Dash, Newman, and Taft’ and the detailed balance analysis of 


van Roosbroeck and Shockley.‘ 

B. Briggs, Phys. Rev. 86, 647 (1952 

* Roger Newman, Phys. Rev. 91, 1313 (1953 

* Dash, Newman, and Taft, Bull. Am. Phys. Soc. 30, No. 1, 53 (1955). 
*W. van Roosbroeck and W. Shockley, Phys. Rev. 94, 1558 (1954). 


J. R. Haynes and H 
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U8. Noise Characteristics of Silicon Photovoltaic Junctions. 
U. F. Gtanora, Bell Telephone Laboratories.—The noise 
spectrum associated with the photovoltaic voltage in large 
area silicon p—™m junctions has been measured for zero bias 
conditions. These junctions were prepared by gaseous diffusion 
and the p-layers are about 0.0001 inch thick. It is found that 
the noise power at a given illumination has a 1/F frequency 
dependence at low frequencies, and that its maximum value 
at 20 cy/sec is ~10* times larger than expected from shot noise. 
At higher frequencies the reactive component of the dynamic 
barrier impedance becomes important, and the noise power 
decreases more rapidly with increasing frequency. The noise 
voltage passes through a maximum at an illumination in the 
region of four foot candles, and is reproduced by the noise 
voltage which appears for zero illumination when an external 
current is inserted. The noise voltage is proportional to 
I,4 and J,~4 at low and high illuminations respectively, where 
I, represents primary photocurrent. These effects are ex- 
plained by reference to the equivalent circuit of a photovoltaic 
junction. These results do not contradict those reported 
recently’ because of differences in the geometry and the condi- 
tion of the surface of the cells measured. 


Pearson, Montgomery, and Feldmann, Bull. Am. Phys. Soc. 30, No. 2, 


44 (1955 


U9. Electrical Properties of Thin Film Semiconductors. F. S. 
Ham* AND D. Mattis, Untversity of Iliinois.—The theory 
of the electrical conductivity and Hall effect for thin metallic 
films as given by Fuchs and Sondheimer' is extended to the 
case of a nondegenerate semiconductor with ellipsoidal energy 
surfaces. A change of variable reduces the problem to an 
equivalent and mathematically simpler one with spherical 
surfaces. The resulting conductivity decreases with decreasing 
film thickness as in the case of a metal, but the ellipsoidal 
energy surfaces make the conductivity differ by as much as a 
factor of two or more for different orientations of the normal to 
the film and the current direction with respect to the crystal- 
lographic axes. A similar anisotropy is found for the Hall con- 
stant and also for the conductivity of a surface layer or 
“channel"’ when Schrieffer’s theory? is generalized to ellip- 
soidal surfaces. For thin channels or very thin films the anisot- 
ropy in the conductivity in the plane of the film is a function 
only of the ratio of the effective mass components and appears 
to provide a practical means of measuring this ratio directly 
if the general features of the band structure are known. 

* NRC Fellow, 1954-1955. 


! E. H. Sondheimer, Advances in Phys. 1, 11 
2 J. R. Schrieffer, Phys. Rev. 97, 641 (1955). 


1952). 


U10. Electric Conductivity of Composite Media.* Epwarp 
H. Kerner, University of Buffalo.—In a composite medium 
having any number of isotropic components distributed 
spatially at random, e.g., as packed or suspended granules, it 
may be shown from first principles that the gross conductivity 
is governed by 

oo= Lowi (Ei, B..), 1= 20, (Fi, Bo.) 


where o; are the component conductivities, 1; their volume 
fractions, and E;,,E», are average values, in component ¢ and 
in the whole composite, of the z-component of the electric 
field produced in the composite when a slab of it is sandwiched 
between slabs of a uniform medium and a field perpendicular 
to the slabs (i.e., the 2-direction) is turned on. The “intensity 
factors” E,,/E»,. contain oo in general and may be evaluated in 
important special cases by an averaging process introduced by 
Landauer. Illustrative results for packed or suspended gran- 
ules, either simple or coated (e.g., oxide coated metallic 
grains), will be given. A case of gross anisotropy, and the ex- 
tension of the methods to deducing elastic properties of com- 
posites, will be discussed. 


*® Work performed in part under the auspices of the U. S. Atomic Energy 
Commission. 
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U11. Noise Fluctuations and Irreversible Processes.* D. L. 
Fatxorr, Brandeis University and Lincoln Laboratory.— 
Onsager and Machlup have derived an extension of Boltz- 
mann’s principle for fluctuations in irreversible processes in 
which the probability for a temporal sequence of fluctuations 
in a set of thermodynamic variables is related to the entropy 
production. Their method is here applied to the case of noise 
voltage fluctuations in an arbitrary linear passive electrical 
network in which each resistor is assumed to have a white 
Gaussian noise output (Nyquist). The conditional probability 
for the currents at any later time, having specified them at an 
earlier time, is then exhibited in terms of the appropriate 
entropy and dissipation functions for the electrical network. 
Applications to the case of nonreciprocal network elements are 
also discussed. 

* The research reported in this document was supported jointly by the 


Department of the Army, the Department of Navy, and the Department of 
the Air Force. 


U12. Sensitivity of Radiation Damage to the Displacement 
Probability. Joun B. Sampson, H. Hurwitz, JR., anv E. F. 
Crancy, Knolls Atomic Power Laboratory.*—In estimating the 
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number of displacements produced in ratiation damage, it is 
customarily assumed that an atom which receives energy 
greater than a threshold energy Eg is displaced from its lattice 
site. It has been then derived' that Z,/2E4 displacements are 
produced by a recoil atom having energy Ee, provided E, is 
below the region where ionization is important. To ascertain 
the reliability of this estimate, a simplified model has been 
investigated in which the probability that a struck atom will 
be displaced is taken to be a linear function of the energy 
received between Ey and energy E,(E:>E4,) at which the 
probability becomes unity. It is found that the number of 
displacements is reduced and furthermore that the number 
depends more sensitively upon E; then upon E,. The reduction 
may explain a discrepancy pointed out by Harrison and 
Seitz.2 This study indicates the importance of a detailed 
knowledge of the displacement probability if quantitative 
comparison with experiment is attempted. 

*The Knolls Atomic Power Laboratory is operated by the General 
Electric Company for the U. S. Atomic Energy Commission under Contract 
No. W-31-109 Eng-52. 

1W. S. Snyder and J. Neufeld, Phys. Rev. 94, 760(A) (1954) 


?W. A. Harrison and Frederick Seitz, Bull. Am. Phys. Soc. 30, No. 2 
(1955). 
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(W. P. ALLIs presiding) 


Gaseous Electronics and Atomic Physics, I 


Invited Paper 


Vi. Research in Gaseous Electronics in the United Kingdom. H.S. W. Massey, University College, 


London. (40 min.) 


Contributed Papers 


V2. Threshold for Photodetachment from OH. S. J. 
SMITH AND L. M. Branscoms, National Bureau of Standards.— 
The photodetachment from a beam of OH~ has been studied 
in the spectral range from 4000 to 8000 A. The dependence of 
the total detached electron current on the spectral distribution 
of incident photons was observed by the use of sharp cut-off 
red transmitting filters. The ions are extracted from the anode 
of a low pressure (~100 « Hg) glow discharge using pure water 
vapor. A mass spectrograph scan shows negative ion impuri- 
ties present in the beam are less than 5 percent of the OH~ 
current. The observed threshold for photodetachment lies at 
about 7000 A (1.75 ev), and the cross section appears to rise 
rapidly from threshold. The possibility that the threshold is 
the vertical detachment energy from the ground state of 
OH™, and the relationship of this threshold to the OH affinity 
will be discussed. 


V3. Doppler Broadening of Spectral Lines Emitted During 
Dissociative Recombination. WiiiaAmM A. ROGERS AND 
Manrrep A. Bionpi, Westinghouse Research Laboratories.— 
In an earlier paper,’ a procedure was described for determining 
whether the large electron-ion recombination observed in 
microwave afterglow studies results from the process of dis- 
sociative recombination. It was pointed out that a character- 
istic feature of the process is that the excited atoms formed 
during recombination receive the kinetic energy of dissociation 
and, therefore, the lines emitted should be Doppler broadened 
in excess of the thermal width. In order to study the widths of 


the recombination lines, we have developed a high-sensitivity, 
direct-recording Fabry-Perot interferometer which uses a 
photomultiplier as a detector and can trace the shape of an 
afterglow line in ten minutes. It is found that the 5876 A line 
of the helium afterglow is considerably broader than the 
normal thermal width. The observed line width corresponds to 
an excited atom kinetic energy of ~0.1 ev. Since it is esti- 
mated that dissociative recombination in helium would lead to 
just such excited atom energies, the present result provides 
strong evidence that this process is responsible for the large 
electron-ion recombination observed in afterglows. 


1M. A. Biondi, Phys. Rev. 93, 650(A) (1954). 


V4. Absorption Studies of the Metastable States of Neon. 
4. V. Puetps, Westinghouse Research Laboratories.—Time 
sampling techniques have been applied to measurement of the 
time variation of the absorption of light by neon atoms in the 
2p*3s configuration following a pulsed discharge. The data are 
analyzed by comparing terms in the differential equations 
governing the time variation of the densities of the various 
excited states. These studies have yielded values for the diffu- 
sion and three body destruction coefficients for the *P; state 
and for the probability for the excitation of atoms in the *?; 
state to the *?, state as the result of a collision with neutral 
atoms. These experiments show that at 300°K the destruction 
of *P; metastables as the result of excitation to the *P; state 
is limited by the rate at which the imprisoned resonance 
radiation can escape from the absorption cell. This effect 
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accounts for the nonintegral powers of pressure appearing in 
empirical expressions for the pressure variation of the meas- 
ured lifetimes of the *?; metastable state.’ 


'P. A. Grant, Phys. Rev. 64, 844 (1951 


VS. Nuclear Coincidence Techniques Applied to Optical 
Transitions. Exic Brannen, F. R. Hunt, R. H. ADLINGTON, 
AND R. W. Nicnoiis, University of Western Ontario.—The 
complete adoption of the methods of nuclear physics to the 
study of optical cascade transitions has numerous advantages 
not found in other methods.'* Steady sources can be used when 
measuring lifetimes of states. Absolute source strengths and 
absolute efficiencies of the detection apparatus can be 
measured directly, as can angular correlation between direc- 
tions of photons emitted in cascade. Preliminary experimental 
results employing 1P21 Photomultipliers and a coincidence 
circuit® with a resolving time of 27 =8.6 10~ sec will be pre- 
sented. A mean life of 1.12+0.02 K 10~* sec was found for the 
7 *S; state of mercury using interference filters to select the 
ippropriate cascade transitions. This work is supported by 


the Air Force Cambridge Research Centre, Cambridge, 
Massachusetts 
Heron, ef al., Nature 174, 564 (1954 
* Brannen, ef al., Nature (to be published 
* Bell, Graham, and Petch, Can. J. Phys. 30, 35 (1952 


V6. Inelastic Molecular Collisions near the Threshold. B. 
Wipom, Cornell University.—It is shown that because of the 
incertainty principle the probability that a molecular collision 
it the threshold, in distinction to its 
classical behavior. This is a consequence of the relation 
1+ 4=bk, where / is the quantum number of the relative angu- 
lar momentum of the colliding particles, & is the wave number 
of the relative translational motion, and 6 is the impact param- 
lhe inelastic collision probability takes the form 

bth (co +-cgk* +c,k4 4+ a 


where & refers to either the incident or emergent wave and / is 
the corresponding angular momentum quantum number. The 
first term is the same as that obtained by Wigner.' In chemical 
a pre-exponential factor which 


be inelastic vanishes 


eter 


kinetics this series implies 
ontains only integral powers of the temperature, whereas 
T* is the usual classical behavior 
73, 1002 


1K. P, Wigner, Phys. Rev 1948 
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V7. The Temperature Dependence of Ionic Mobilities: He* 
and He,* in Helium. Lorne M. CHantn AND MANFRED A. 
Bionpi, Westinghouse Research Laboratories—The mobility 
tube used to determine the drift velocity of near-thermal ions' 
has been modified to permit immersion in refrigerating 
liquid nitrogen, dry ice) baths. Measurements have been 
made of the mobilities of He* and He;* in helium at 77°, 195°, 
and 300°K. It is found that the measured mobilities of He:* 
vs temperature are in agreement with the experimental values 
of Tyndall and Pearce,? who mistakenly identified the ion as 
He*. Our measured values for He* in helium have been 
compared with the mobilities calculated following the proce- 
dure given by Holstein.? The measured mobilities are 15 per- 
cent lower than the theretical values uo=17.5 cm*/volt-sec 
(77°), 13.8 (195°), and 42.1 (300°). 


1M. A. Biondi and L. M. Chanin, Phys. Rev. 94, 910 (1954). 
2A. M. Tyndall and A. I". Pearce, Proc. Roy. Soc. (London) A149, 426 


(1935). 
* T. Holstein, J. Phys. Chem. 56, 832 (1952). 


V8. Ambipolar Diffusion in Xenon at 3-cm Wavelength. 
R. L. Fey anp W. J. Granam, Naval Research Laboratory.— 
Measurements have been made of the decay of electron density 
as a function of pressure in the afterglow of a pulsed discharge 
in xenon at 3 cm wavelength. Techniques used were similar to 
those used by Biondi and Brown! in helium at 10 cm. Experi- 
ments were conducted in an Alpert type vacuum system with 
an ultimate vacuum of about 10- mm Hg. Results for the 
ambipolar diffusion constant Da, yield a value Dap=24.8 
(cm?/sec) mm Hg +5 percent at 300°K. Applying the Ein- 
stein relation and assuming complete thermal contact in the 
plasma, this measured value of Dap yields a value for the 
mobility of Xe* in Xe of 0.59(cm*/volt sec) as compared with 
0.58 measured by Biondi and Chanin® (values are for 300°K 
and density of 2.6910" cm). Diffusion cooling effects were 
found at pressures below about 0.4 mm Hg. Measurements 
made in helium agreed within experimental error with previous 
data'* for both atomic and molecular ions. 


M. A. Biondi and S. C. Brown, Phys. Rev. 75, 1700 (1949). 
*M. A. Biondi and L. M. Chanin, Phys. Rev. 94, 910 (1954). 

*A. M. Tyndall and C. F. Powell, Proc. Roy. Soc. (London) A134, 125 
1931 
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(J. D. Jackson presiding 


Theoretical Physics, Il 
Contributed Papers 


Wi. On The Reciprocity Theory of Elementary Particles. 
P. H. Fanc, Phileo Corporation.—The reciprocity theory 
proposes that the Hamiltonian of a system of elementary 
particles is the eigenfunction of a reciprocity invariant 
operator. From group theoretical requirement of completeness, 
it is natural to generalize the invariance of the operator to 
t-variance, where t*=1 (4 is the periodicity of Fourier trans- 
form). In this way Born’s reciprocity condition becomes the 
same as the Fourier reciprocity condition. For further generali- 
zation, one can treat the space time operators and their con- 
jugate momenta operators as 8-variables and discuss, in the 
case of scalar and pseudo scalar field, a bilinear form and in 
the case of spinor, a linear form in such a space. If the eigen- 


function is interpreted as Hamiltonians, then there is non- 
definite energy state, and, if it is interpreted as the usual wave 
function, then one meets nondefinite character of the metric 
form. Therefore, subsidiary conditions have to be introduced 
in both cases which are not necessarily based on reciprocity 
and should be contributed to the intrinsic properties of the 
physical entity in contradistinct to pure geometry. In this 
way, one arrives at some eigenvalues with dimensions of 
mass in product form of Klein-Gordon equation and can be 
compared with the known masses of elementary particles. 
Finally, one can treat the interaction of this complete system 
of elementary particles of different spins and masses. 
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W2. Simple Model of Elementary Particles. F. A. KAEMpr- 
FER, University of British Columbia.—It is assumed that differ- 
ent elementary particles can be pictured as different self- 
maintained excitations of a single medium described in terms 
of a complex scalar function and the electromagnetic poten- 
tials. The equations governing the dynamics of the all per- 
vading medium are taken to be the nonrelativistic Schroe- 
dinger equation and Maxwell's equations with the wave- 
mechanical current as source of the electromagnetic potentials. 
Solutions of this nonlinear simultaneous system of equations 
are called “‘particles,"’ provided some reasonable boundary 
conditions are satisfied. These solutions are the wave-mechan- 
ical analog of the solutions of Buneman’s' self-consistent 
classical electrodynamics, and of Wheeler's? geons. One can 
grasp within the framework of this model particles carrying 
charge and magnetic moment, neutral particles carrying 
magnetic moment, unstable particles, and particles that 
possess excited states. The model can easily be extended so 
that the formulation becomes relativistically invariant. The 
fundamental equations can also be derived from a single gauge 
invariant action principle. 


'O. Buneman, Proc. Cambridge Phil. Soc. 50, 77 (1954 


2J. A. Wheeler, Phys. Rev. 97, 511 (1955) 


W3. On the Bloembergen Spin Reservoir Temperature in 
Paramagnetic Resonance Experiments. J. H. VAN VLECK, 
Harvard University.—Bloembergen and Wang! suggested that, 
in certain salts, viz., those with large exchange coupling, the 
distribution of exchange energy corresponds to a different 
temperature than does that of the Zeeman energy. They also 
indicated that sometimes the transfer of energy between 
Zeeman components and lattice phonons takes place via the 
intermediary of the exchange energy rather than directly, and 
that then the bottleneck associated with the characteristic 
time 7, in resonance experiments may relate to the transfer 
of Zeeman into exchange energy rather than to spin-lattice 
transfer. In this thesis (p. 40), Bloembergen demonstrated 
that for a free atom the absorption of energy by the different 
Zeeman states is such that thermal equilibrium among them 
is maintained and there is merely a change in the “Zeeman 
temperature.” The present paper points out that this property 
is preserved even if the atoms have exchange coupling (pro- 
vided isotropic). Absorption then alters the Zeeman tempera- 
ture and leaves invariant the temperature of the exchange 
energy, which consequently serves as a reservoir. The concept 
of two separate, well-defined Zeeman and exchange tempera- 
tures is hence more quantitative and less purely heuristic than 
implied by Bloembergen and Wang. The exactness of the 
definition is spoiled when there are crystalline field splittings 
or appreciable dipolar interactions 


N. Bloembergen and S. Wang, Phys. Rev. 93, 77 (1954 
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W4. On the Invariant Relationship of the Energy-Density 
and Momentum-Density of the Electromagnetic Field. N. L. 
BaLazs, American Optical Company.—It is well known that 
W?—S is an invariant (W=energy density, S=momentum 
density of the electromagnetic field). This is rather surprising 
on two counts: (1) its seeming isolation; (2) W, S are com- 
ponents of a tensor, and so, in general, have no right to trans- 
form among themselves. In this note we show that the above 
invariance relationship is one out of the 16 relationships which 
express that the square of the mixed matrix representing the 
energy-momentum tensor is in multiple of unity. (In fact in 
our case one can show that the energy-momentum tensor is, 
on account of symmetry, its own reciprocal.) 


WS. Energy Levels of H~. L. Levitr anp G. E. Tauper, 
Western Reserve University, anv T. Y. Wu, National Research 
Council, Ottawa.—The ground-state energy level of the 
negative hydrogen ion has been determined by the Ritz 
variational method. It has been found that the presence of 
terms with fractional powers in the Hylleraas type wave 
function gave a better value for the energy than those ob- 
tained so far.' For a 9-parameter wave function of the form 


© =exp(— dks) [1 +cout +e. +e, +e5u +Ceul 
+675 + Cyu® +c (u/s)*), 


The energy was found to be of the order of —0.539 atomic units 
as compared with —0.529 atomic units for an 1ith order wave 
function using only integral powers of s, t, « 


S. Chandrasekhar, Revs. Modern Phys. 16, 301 (1947) 


W6. Simplification in Finding Symmetry-Adapted Eigen- 
states.* M. A. Mervin, The Florida State University.—The 
method of finding symmetry-adapted functions belonging to 
irreducible representations of a group is examined. It is shown 
that for degenerate representations the problem may some- 
times be simplified to that for the representations of a sub- 
group of the original group. Sufficient and necessary conditions 
for symmetry-adapted function (SAF) simplification are given, 
and all of the point symmetry groups are examined from this 
point of view. All of the dihedral-type groups, the tetrahedral 
group 7, and the didodecahedral group 7", respectively, admit 
of row-independent simplification in the finding of SAF’s 
belonging to their degenerate representations. For the dihedral- 
type groups, the problem is simplified to their cyclic subgroups 
of index 2. By an equivalence transformation, a real form of 
the E representations of all dihedral-type groups is obtained ; 
this permits of real SAF simplification in all groups with 
principal axis of order four. For 7 the problem is simplified to 
its subgroup of index 3, V. And for 7*, the simplification is to 
y'. 


* Assisted by a contract with the U. S. Atomic Energy Commission, and 
by a grant from the Research Council of The Florida State University. 
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McLennan 135 


(A. SCHAWLOW presiding) 


Cryogenics 


Invited Paper 


X1. The Viscosity of Liquid Helium IL A. C. H. Hatcett, University of Toronto. (30 min.) 
X2. Lambda-Point Transition in Relation to Atomic Distribution in Liquid Helium. James REEKIF, 


Department of Mines. (30 min.) 


Contributed Papers 


X3. Damping of Oscillations of a Sphere by Liquid Helium 
0 at Large Amplitudes. C. B. Benson anp A. C. H. HALvertr. 

Observations have been made of the damping of torsional 
oscillations of a sphere suspended in liquid helium 1 while the 
amplitude of oscillation decayed from 10 to 0.05 radian. From 
0.05 radian up to a certain critical amplitude, ¢., the damping 
is independent of amplitude and corresponds to viscous dissi- 
pation in the normal component of helium 11. The value of 
¢.~3X10~ radian but decreases with decreasing temperature 
and increases roughly as the square root of the period of oscil- 
lation. Above ¢. the damping increases with amplitude, 
rapidly at first, but after the amplitude exceeds another critical 
value, ¢:, it increases linearly with amplitude. @,~2 radians 
and is almost independent of temperature. Such a linear de- 
pendence of damping on amplitude is consistent with the 
introduction into the differential equation of the motion of the 
sphere, of a frictional term proportional to the square of the 
velocity which is characteristic of turbulence. Near the lambda 
point there is also a region immediately below ¢ in which the 
damping is independent of amplitude, but has a value larger 
than the normal component viscous damping. 


X4. The Dependence of the Superconducting Transition on 
Measuring Current. D. C. Batrp, The Royal Military College 
of Canada.—The superconducting transition in tin has been 
studied by continuous recording of the resistance as the 
temperature is lowered. Measuring currents ranging from 
1 to 600 ma have been used. The specimens used were poly- 
crystalline wires and so a transition temperature was defined 
as the temperature at which the resistance had half its full 
value. It was found that this transition temperature 7; 
depended upon current i according to 7; =const #. This is in 
contradiction to the result deduced for these circumstances 
from the London model of a current-carrying superconductor 


XS. Specific Heat of Vanadium in the Normal and Super- 
conducting States. C. B. Sarrertuwarre, W. S. Corak, B. B. 
GOopMAN, AND AARON WEXLER, Westinghouse Research 
Laboratories.—Measurements' on the specific heat of super- 
conducting vanadium, which revealed an exponential tempera- 
ture dependence of the electronic specific heat, have been 
extended to the normal state. After corrections to the 1948 
temperature scale had been made, the normal-state specific 
heat could be represented by C=y7T+[12"*(R/5)](7/ 0), 
with y=9.26+0.03X10" joule mole deg and © =338 
+5°K. The entropy difference, Sy—S,, between the normal 
and superconducting states, extrapolated to 0°K, was found 
to vanish, in accordance with the third law of thermodynamics 
The critical field values deduced from Sy —S, gave He=1310 
gauss ; at higher temperatures they were in agreement with the 
initial penetration fields previously reported.* 


'Corak, Goodman, Satterthwaite, and Wexler, Phys. Rev. 96, 1442 
(19S4) 
* Aaron Wenler and William S. Corak, Phys. Rev. 85, 85 (1952). 


X6. Atomic Heat of Tin in the Normal and Superconducting 
States. W. S. Corak anv C. B. SatrertTHwalte, Westinghouse 
Research Laboratories.—The atomic heat of tin was measured 
through the temperature range 1.1—4.5°K in the normal and 
superconducting states in order to study the temperature 
dependence of the electronic specific heat in the superconduct- 
ing state. The higher degree of accuracy of the present work 
makes possible a more definitive analysis of this property than 
was possible from existing data.' Over a large part of the 
temperature range studied, the electronic specific heat in the 
superconducting state could be well represented by an ex- 
ponential expression in 1/7 similar to that found in super- 
conducting vanadium. In the normal state, variation of the 
Debye characteristic temperature with temperature was ob- 
served as low as 3°K. The critical field-temperature relation- 
ship has been deduced from the difference in entropy between 
the normal and superconducting states and has been compared 
with those determined from magnetic measurements. 

1W. H. Keeson and P H. Van Lear, Physica 5, 193 (1938). 


?Corak, Goodman, Satterthwaite, and Wexler, Phys. Rev. 96, 1442 
(1954 


X7. (Abstract withdrawn.) 


X8. On the Orientational Transitions in CD,. T. A. KEENAN 
AND H. M. James, Purdue L’niversity.—CD, shows successive 
orientational transitions at 22.2°K and 27.1°K. To gain an 
understanding of their origin, we have considered an analogous 
system of classical spherical rotators arranged in a cubic close- 
packed lattice. The assumed coupling between next-neighbor 
molecules is the dominant term in the Coulomb interaction of 
two charge distributions of tetrahedral symmetry ; coupling of 
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more widely separated molecules is neglected. A treatment 
of this system in the internal field approximation indicates 
that two types of orientational ordering may exist in such a 
crystal. At the lowest temperatures the orientational distri- 
bution function is the same for all molecules. At higher temper- 
tures the stable type of order is one in which the crystal 
lattice is divided into eight sublattices, with all molecules on 
each sublattice having the same characteristic orientational 
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distribution; molecules on two of these sublattices show no 
orientational ordering. At still higher temperatures the orienta- 
tional ordering disappears completely. The lower transition is 
of the first order, the higher of second order. The predicted 
ratio of the transition temperatures agrees well with the ob- 
served ratio in CD,, and the temperatures themselves are 
given correctly when one assumes a reasonable strength for 
molecular coupling. 
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Mechanical Building 


(A. V. PHELPs presiding) 


Gaseous Electronics and Atomic Physics, II 
Invited Papers 


(Z1 at beginning, Z2 after Z4) 


Z1. Ionization-Probability Curves Using an Electron Selector. L. Kerwin, Université Laval. (25 


min.) 


Z2. Distribution Functions in High-Frequency Gas Discharges. A. D. MacDonatp, Dalhousie 


Unwersity. (25 min.) 


Contributed Papers 


Z3. Statistical Theory of Atomic Excitation by Electron 
Impact. Part I. Theoretical Development.* Rosert W. Hart, 
Ernest P. Gray, AND WILLIAM H. Guier, Applied Physics 
Laboratory, The Johns Hopkins University.—A semiclassical 
statistical theory for atomic excitation by electron impact 
has been developed in terms of the Bohr-Sommerfeld atom. 
In spite of obvious disadvantages, this approach retains 
conceptual and analytical simplicity which are major reasons 
for the development of a statistical theory. In this theory, a 
volume in phase space, dependent upon the energy and angular 
momentum of the incident and excited electrons, is associated 
with the excitation of each level. It is assumed that: (1) Long 
after collision, the interelectron interaction can be neglected 
in calculating the phase volume for the excited and escaping 
electrons; (2) accessible phase space is restricted, therefore, 
to that part corresponding to independent particle orbits 
consistent with excitation of the specified level, and the energy 
and angular momentum constraints; (3) interelectron inter- 
action establishes a uniform distribution in this phase space; 
and (4) excitation cross sections, therefore, are proportional 
to the corresponding phase volumes. The theory is somewhat 
analogous to a statistical treatment of bound motion in a 
Newtonian potential' and differs essentially from Boltzmann- 
Gibbs statistical mechanics in that the phase space includes 
only ordered motion. 

* This work was supported by the Bureau of Ordnance, Department of 


the Navy, under NOrd 7386 
1955) 


R. W. Hart and W. H. Guier, Phys. Rev. 97, 84! 


Z4. Statistical Theory of Atomic Excitation by Electron 
Impact. Part II. Application to H and He.* Ernest P. Gray, 
Ropert W. Hart, anp WILLIAM H. Guter, Applied Physics 
Laboratory, The Johns Hopkins University.—The statistical 


theory for atomic excitation presented in the previous paper is 
applied to calculating excitation cross sections for H and He 
for transitions involving no change in multiplicity. Results are 
compared with the Born approximation and, for He, also with 
experimental data (mainly from Burhop and Massey'). This 
comparison is made for relations between (1) cross sections 
for excitation of states having the same orbital quantum 


number, (2) cross sections for excitation of states having the 
same principal quantum number, and (3) cross sections for 
excitation of optically forbidden states and the elastic cross 
section. In (1), the statistical theory compares favorably with 
both Born approximation and experiment. In (2), it appears to 
be in somewhat better agreement with experiment than with 
the Born approximation. In (3), absolute cross sections are 
computed for S-states (in terms of the elastic cross section), 
and agree mostly within factors of two to three with both 
Born approximation and experiment. For optically forbidden 
transitions, the dependence on incident energy is the same as 
that of the Born approximation far above threshold. The 
significance of these results will be discussed. 

* This work was supported by the Bureau of Ordnance, Department of 
the Navy, under NOrd 7396 


'H. S. W. Massey and E. H. S. Burhop, Electronic and lonic Impact 
Phenomena (Oxford University Press, London, 1952). 


ZS. Spectra of Low-Current Density Glow Discharges.* 
C. D. Maunset., Pacific Naval Laboratory.—-Spectra were 
taken of glow discharges having current density approximately 
10~* ampere/cm* in continuously flowing tank hydrogen, 
helium, nitrogen, and argon at pressures from 0.04 to 1.0 mm 
of mercury. At the lower pressures, separate spectra were 
obtained of the cathode glow, Crookes dark space, and negative 
glow. At higher pressure the first stria of the positive column 
was examined. For each gas the spectrum in the stria showed 
only systems of low-excitation energy. In the case of tank 
helium these were due to impurities. The negative glows 
showed the low-excitation features with additional lines and 
bands of higher exictation. The dark space and cathode glow 
showed chiefly high-excitation features. This seems to rule out 
for these discharges the hypothesis that the light of the 
cathode glow is due to electrons from the cathode exciting 
efficiently before they gain much energy from the field. The 
discharge tube was that used by Warren' for measurement of 
electric fields. 

* This work was done at the University of California, Berkeley, with 


support from the Office of Naval Research. 
‘R. W. Warren, Phys. Rev. 93, 943 (A), 1954. 
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Z8. Measurement of the Pumping Speed of an Ionization 
Gauge.* D. G. Brius, F. G. ALLEN, AnD N. P. CARLETON 
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maximum measured pumping speed for nitrogen is at least an 
order of magnitude greater than Alpert’s estimate for nitrogen. 
The results of these measurements will be discussed. 


part by the Office of Naval Research, the Signal Corps of 
U.S. Air Force, and the Air Force Cambridge Research 


Alpert, J. Appl. Phys. 24, 860 (1953 


Z9. Derivation Relating the Pumping Speed of an Ionization 
Gauge to the Quantity of Gas Pumped.* N. P. CARLETON AND 
D. G. Bits, Harvard University.—The pumping speed of an 
ionization gauge depends upon the amount of gas which the 
e has pumped. To derive the relation these 
quantities, we assume that there are present on the inside 
surfaces of a clean gauge a certain number of sites at which 
These active particles may 
be ions, neutral atoms of certain gases such as Oz, or possibly 
metastables. When a given active particle strikes an open site, 
it has a certain probability of being adsorbed. If not adsorbed, 
it will be reflected unchanged. Similarly, when striking a site 
already occupied, the particle has a probability of being de- 
uctivated. If not deactivated, it will be reflected unchanged 
Under these assumptions, whose validity will be discussed, we 


gaug between 


active particles can be adsorbed 


can derive a relation between the pumping speed of the gauge 
and the amount of gas pumped. The parameters in this relation 
or maximum pumping speed, the maximum 
amount which can be pumped, and the relative probabilities 
ind deactivation. We shall « ompare our relation 


are the initial 


of adsorption 


with experimental data, evaluating the parameters involved. 


* This Force Cambridge Re 


search Center 


work was partially supported by the Air 


Z10. Role of Re-emission in Ionic Pumping. L. J. VARNERIN, 
Ir., AND J. H. CARMICHAEL, Westinghouse Research Labora- 
t The ionic pumping mechanism of helium in a Bayard- 
Che reduction 


wies 
Alpert ionization gauge has been investigated 

pumping speed resulting in a nonexponential pressure re- 
a closed system is shown to result from the re- 
The rate of re-emission 


duction 
emission of helium previously pumped 
was determined as a function of time from 0.5 min to 5000 min 
after pumping a small amount of gas for 0.5 min (pressure 
reduction Af The re-emission rate was found to be 
approximately C(mm/min) =0.04Ap(mm this 
time interval. It is not possible in any simple way to account 


the basis of gas diffusing to a surface into which the 


mm) 
(min) in 


for this on 

ms had been driven. This phenomenological equation for the 
re-emission of helium is used to derive an integro-differential 
equation applicable to the pumping process. Within the experi- 
mental accuracy of the data, the equation is shown to account 
juantitatively for observed pumping experiments in which 
pressure is reduced from 8X 10~* mm to 3X 10-* mm and the 


effective pumping speed reduces by a factor of 400. 
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SP1. Radiation Flux Field Outside of Stars and Spherical 
Reactors. M. A. MEtvin, The Florida State University.*— 
The energy density U, flux density F, and pressure P in the 
field of a hot spherical system, are here investigated along with 
their neutron-flux analogs. General expressions for U, F, and P 
are obtained and evaluated in particular (1) outside of spher- 
ical bodies radiating according to Lambert's law of isotropic 
radiance, [=constant, and (2 stars or spherical 
Radiative (or transport) balance within a star (or 


outside of 
reactors. 
reactor) leads to an angularly dependent radiance, J(cos§), 
from the outer surface. Assuming J to be given up to quadratic 
terms in cos#, analytic expressions for U and P are obtained 
It is further shown how one may use known exact numerical 
values for the radiance and its derivatives, at cos#=0 and 1, 
to give still better analytic representations. For many pur- 
poses,' where one wishes to carry out calculations involving 
U or P, it is convenient to have simple analytic approximations 
for these quantities ; such approximations are here given in the 
form of simple Lambert-law expressions multiplied by suitable 
factors 

* To be given at the end of Sessior f the Chairman rules that time 
permit 


M. A. Melvin, Phys. Re 


SP2. Fractional Occurrence Numbers of Eigenstates. M. A 
Me vin,* The Florida State University.t—A general class of 
eigenstate problems can be simulated in a zeroth-order 
approximation by harmonic vibrational problems with the 
same symmetry. Certain important aspects of the system such 
as the calssification of symmetry types of eigenstates and 
imbers of the symmetry 
in the zeroth- 


evaluation of the relative occurrence 


adapted eigenstates are exactly given already 
order approximation. Thus it is of general value to collect 
these results for systems possible symmetries. With 
the help of the Jahn-Teller table, based on Wigner'’s procedure, 
explicit tables for the fractional occurrence numbers in all the 


with a 


point symmetry groups are given. These have significance 
not only for systems wit! ite number of particles (mole- 


cules) but also for contir ystems. The connection between 


fractional occurrence numbers and asymptotic densities of 


states of various 


symmetry types is indicated 


ntract th the I yr nergy omm n, and 


ee 


SP3. Resiliency of Pure Metals. M. A. MELVIN AND J. W. 
BurGeson,* The Florida State University.t—A method for the 
measurement of coefficient-of-restitution (resiliency) ¢ at low 
impac t velocities has been de\ eloped A light test body (sphere 
or cylinder) of the “impacted suspended 
pendularly. It is struck by a heavy 
whose striking face is mounted a plate of the “impacting 
The impactor velocity is measured stroboscopi- 


substance” is 
rotating impactor upon 


substance.”’ 
cally. The test body velocity is measured photoelectrically with 
Results for various 
pairs of pure metals, e.g. Cu—Cu, Ti—Ti, Cu—Ti, Ti—Cu 
are given, and Raman’s' hypothesis that ¢ always approaches 


an oscilloscope or an electronic timer 


unity at low impact velocities is examined 


it of The Florida S.ate University Research Council 
nd of Session B if the Chairman rules that time 


V. Raman, Phys. Rev. 12, 442 (1918 


SP4. Three-Dimensionality of Space and the Masses of 
Nuclei and Elementary Particles. Enos E. Wirmer, University 
of Pennsylvania.*—The mass of any nucleus in any state may 
be represented by Mm, where m is the rest mass of the electron 
The writer’ has pointed out that the M-values for the lightest 
nuclei in the ground state are given to a very high degree of 
approximation, but not exactly, by a formula involving inte 
gers of which the first term is (7/2)*A, where A is the number 
the heavier nuclei the 
Sinc t 


3 appears to be im 


of nucleons in the nucleus. Even for 
interesting results of the 


2, the number 


writer? has found same type 


6=23 and 7/2#3+1 


portant here. Therefore, we propose the idea that the charac- 
teristics of nuclei and elementary particles should not be ex 
plained ultimately by reference to more elementary particles 
ind the forces between them, but by a unitary theory giving 
all particle and nuclear masses in one operation and in which 
the nature of space-time plays a more important role than is 
sional, this could 


envisaged today. Since space is three-dimer 


account for the importance of the foregoing number 3 


‘7 7 t the end Se m S if the Cl s that time 


v. 95, 610 (1954 
*hys. Soc. 30, No. 1, 
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